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SUMMARY 

In the skin sensitization assessment, the in vivo method, specifically the Local Lymph Node Assay 

(LLNA), is regarded as the gold standard. However, to adhere to the 3R principle (Reduction, 

Refinement, and Replacement), which advocates for the Reduction, Refinement, and Replacement 

of animal testing, and to enhance the ethical standards of risk assessment, a greater number of in 

vitro and in silico testing methods have been developed. While these in vitro and in silico methods 

offer a higher throughput and a more ethical approach to risk assessment, they each come with 

their own set of limitations. For instance, most in vitro tests can only be used for a single readout. 

On the other hand, in silico methods lack physiological and biological feedback. The adverse 

outcome pathway (AOP) for skin sensitization, as defined by the Organization for Economic 

Cooperation and Development (OECD) guidelines, involves four key events, which are protein 

binding (Key Event 1 – KE1), keratinocyte activation (Key Event 2 – KE 2), dendritic cell activation 

(Key Event 3 – KE 3), and T-lymphocyte activation (Key Event 4 – KE 4) (OECD, 2014). While animal-

based assays are reasonably accurate, their skin is physiologically different than human skin. 

Therefore, this thesis aimed to develop the ‘ImmuSkin-MT’, a 3D-human skin model with immune 

cells, designed to address the limitations inherent in in vitro skin sensitization assays. The thesis 

began with 2D co-culture of keratinocytes and immune cells, which have shown to fall short in 

detecting a skin sensitizer. In parallel to the development of the 2D co-culture assay, the 

advantages of the autologous in comparison to the allogenic 2D co-culture were investigated. The 

results indicated that within the donor pool used, allogenic 2D co-culture did not lead to an 

alloreactive response in the cells. Therefore, whether autologous or allogenic cell pairings were 

used in the co-culture, they had no impact on the development of the assay. Later, the project 

progressed and the 'ImmuSkin-MT', created from human hair follicle-derived keratinocytes 

(HFDK), fibroblasts (HFDF), and immune cells were developed. monocyte-derived Langerhans cells 

(MoLC) and CD4+ naïve T-lymphocytes were integrated into the reconstructed human skin models 

(RHS). ImmuSkin-MT were topically exposed to various substances, including non-sensitizers and 

contact sensitizers. Using the MoLC activation and the stimulation index (SI) of T-lymphocytes, 

results demonstrate the effectiveness of ImmuSkin-MT in replicating KE 3 and 4 of skin 

sensitization in response to the skin sensitizers. This model presents a promising alternative to 

animal testing for contact sensitizers, contributing to more ethical and precise skin sensitization 

assessment techniques. In conclusion, ImmuSkin-MT represents a significant advancement in skin 

sensitization assessment by capturing multiple key events simultaneously. The project's findings 

have the potential to optimize skin sensitization testing methods, providing more accurate, 

reliable, and ethical alternatives to traditional animal-based assays.  



ZUSAMMENFASSUNG 

Für die Bewertung der Hautsensibilisierung gilt die in vivo-Methode, insbesondere der Local 

Lymph Node Assay (LLNA), als Goldstandard. Um jedoch dem 3R-Prinzip (Reduction, Refinement, 

und Replacement) gerecht zu werden und die ethischen Standards der Risikobewertung zu 

verbessern, wurde eine Vielzahl von in vitro- und in silico-Testmethoden entwickelt. Obwohl diese 

in vitro- und in silico-Methoden einen höheren Durchsatz und einen ethischeren Ansatz für die 

Risikobewertung bieten, haben sie jeweils ihre eigenen Grenzen. Beispielsweise können die 

meisten In vitro Tests nur für eine einzige Messung verwendet werden. Andererseits fehlt den in 

silico-Methoden das physiologische und biologische Feedback. Der adverse outcome pathway 

(AOP) für Hautsensibilisierung, wie er in den Leitlinien der Organisation für wirtschaftliche 

Zusammenarbeit und Entwicklung (OECD) definiert ist, umfasst vier Schlüsselereignisse: 

Proteinbindung (Key Event 1 - KE 1), Aktivierung von Keratinozyten (Key Event 2 - KE 2), Aktivierung 

von dendritischen Zellen (Key Event 3 - KE 3) und Aktivierung von T-Lymphozyten (Key Event 4 - KE 

4) (OECD, 2014). Obwohl Tierversuche recht genau sind, unterscheidet sich ihre Haut physiologisch 

von der menschlichen Haut. Aus diesem Grund zielt diese Arbeit darauf ab, „ImmuSkin-MT“ zu 

entwickeln, ein 3D-Hautmodell mit Immunzellen, das entwickelt wurde, um die Einschränkungen 

von In-vitro-Hautsensibilisierungstests zu überwinden. Die Arbeit begann mit der 2D-Kokultur von 

Keratinozyten und Immunzellen, die sich als unzureichend für die Erkennung eines 

Hautsensibilisators erwies. Parallel zur Entwicklung des 2D-Kokultur-Assays wurden die Vorteile 

der autologen im Vergleich zur allogenen 2D-Kokultur untersucht. Die Ergebnisse zeigten, dass bei 

dem verwendeten Spenderpool die allogene 2D-Kokultur nicht zu einer alloreaktiven Reaktion der 

Zellen führte. Daher hatte die Verwendung von autologen oder allogenen Zellpaaren in der 

Kokultur keinen Einfluss auf die Entwicklung des Assays. Im weiteren Verlauf des Projekts wurde 

„ImmuSkin-MT“ entwickelt, das aus Keratinozyten-abgeleiteten Haarfollikeln (HFDK), Fibroblasten 

(HFDF) und Immunzellen besteht. Von Monozyten abgeleitete Langerhanszellen (MoLC) und CD4+ 

naive T-Lymphozyten wurden in rekonstruierte humane Hautmodelle (RHS) integriert. ImmuSkin-

MT wurden topisch verschiedenen Substanzen ausgesetzt, darunter Nicht-Sensibilisatoren und 

Kontaktallergene. Unter Verwendung der MoLC-Aktivierung und des Stimulations-Index (SI) der T-

Lymphozyten zeigen die Ergebnisse die Wirksamkeit von ImmuSkin-MT bei der Replikation von KE 

3 und KE 4 der Hautsensibilisierung als Reaktion auf Hautsensibilisatoren. 

Dieses Modell stellt eine vielversprechende Alternative zu Tierversuchen für Kontaktallergene dar 

und trägt zu ethischeren und genaueren Techniken zur Bewertung der Hautsensibilisierung bei. 

Zusammenfassend stellt ImmuSkin-MT einen bedeutenden Fortschritt in der Bewertung der 

Hautsensibilisierung durch die gleichzeitige Erfassung mehrerer Schlüsselereignisse dar. Die 



Ergebnisse des Projekts haben das Potenzial, Hautsensibilisierungstests zu optimieren und 

genauere, zuverlässigere und ethisch vertretbarere Alternativen zu herkömmlichen Tierversuchen 

zu bieten. 
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CHAPTER 1   INTRODUCTION 

1.1   Skin: The Biological Barrier of the Organism  

The skin comprises the epidermis and the dermis. The epidermis hosts diverse cell populations, 

including immune cells such as resident Langerhans cells (LC). However, its primary constituents 

are keratinocytes, found in varying states of differentiation. Within the epidermis, distinct layers 

of keratinocytes exist, spanning from the basal layer to the spinosum, granulosum, and stratum 

corneum (Moreci & Lechler, 2020) (Figure 1). In contrast, the dermis is primarily characterized by 

the presence of extracellular matrix (ECM) and fibroblasts. It also serves as a niche for immune 

cells, including dendritic cells (DC), mast cells, macrophages, and T-lymphocytes.  

Moving deeper to the skin’s foundation, the dermis, this layer lies beneath the epidermis and 

plays a crucial role in providing structural and nutritional support. The dermis consists of two 

sublayers, which are the papillary dermis and the reticular dermis, each differing in the density 

and arrangement of collagen fibers, blood vessels, and cellular components. The primary cell 

type in the dermis is the fibroblast, which assumes the responsibility of synthesizing  and 

maintaining the ECM. The ECM, in turn, imparts strength, elasticity, and hydration to the skin.  

Figure 1. The layers and components of the epidermis including the markers and proteins expressed in each layer. The 

basal layer, spinous layer, granular layer, and stratum corneum were depicted in the illustration. Moreover, the 

desmosome, hemidesmosome, lamellar body, tight junction, focal adhesion, and keratohyalin granule, which are the 

tight junction proteins are indicated. The illustration is taken from Moreci & Lechler (Moreci & Lechler, 2020).  

 

 

Figure 2. The illustration shows the layers and components of the epidermis including the markers and proteins 

expressed in each layer. The basal layer, spinous layer, granular layer, and stratum corneum were depicted in the 

illustration. Moreover, the desmosome, hemidesmosome, lamellar body, tight junction, focal adhesion, and keratohyalin 

granule, which are the tight junction proteins are indicated. The illustration is taken from Moreci & Lechler (Moreci & 

Lechler, 2020).  
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The ECM, a prominent component of the dermis, encompasses collagens, proteoglycans, 

glycosaminoglycans, elastin, laminins, fibronectins, and other vital proteins. Fibroblasts, as the 

primary cellular architects, are the major contributors to the production of these crucial proteins 

(Karamanos et al., 2021). Collagen, in particular, assumes a central role, with types I, II, III, and IV 

being the primary variants synthesized by fibroblasts, where types I and IV predominate in the 

skin (Matei et al., 2019; Prockop, 1982). Collagen type I, classified as fibril-forming collagen, lends 

mechanical strength to tissues, while collagen type IV adopts a unique role as a network-forming 

collagen (Kadler et al., 2007). The distinctive triple-helix structure of type I collagen contributes 

to tissue strength (Bella & Hulmes, 2017), whereas type IV collagen assembles into a two-

dimensional reticular network, distinct from the typical fibrillar structure seen in other collagen 

types (Figure 2). This network provides critical structural support at the basement membrane, 

the boundary that demarcates the epidermis from the dermis (Onursal et al., 2021).  

 

The reticular dermis, located beneath the papillary dermis, is predominantly composed of dense 

irregular connective tissue characterized by the prevalence of type I collagen and a proportion of 

elastic fibers. This layer not only endows the skin with strength and elasticity but also 

accommodates various skin appendages, including hair follicles, sweat glands, sebaceous glands, 

Figure 2. Collagen structures and provides an example of collagen that exhibits this arrangement. A) Indicate the 

forming of collagen from procollagen. B) The different structures of collagen; fibrillar collagen, beaded filament collagen, 

netforming collagen, anchoring fibril, and fibril associated collagens with interrupted triple helices (FACIT). The 

illustration is taken from Pfister et al. (Pfisterer et al., 2021).  

 

 

Figure 3. The illustration depicts a potential collagen structure and provides an example of collagen that exhibits this 

particular arrangement. A) Indicate the forming of collagen from procollagen. B) The different structures of collagen; 

fibrillar collagen, beaded filament collagen, netforming collagen, anchoring fibril, and fibril associated collagens with 

interrupted triple helices (FACIT). The illustration is taken from Pfister et al. (Pfisterer et al., 2021).  
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arrector pili muscles, and sensory receptors (Figure 3). The reticular dermis houses a deep vascular 

plexus branching into capillary loops within the papillary dermis. Additionally, it features free nerve 

endings extending from the reticular dermis to the epidermis, providing the skin with sensory 

function (Figure 3). Notably, reticular fibroblasts can differentiate into adipocytes, which are 

subsequently deposited into the subcutaneous layer of the skin (Driskell et al., 2013). 

The papillary dermis, situated immediately beneath the epidermis, is characterized by loose 

connective tissue, which forms projections known as dermal papillae. These dermal papillae 

interlock with epidermal ridges. Type III collagen and elastic fibers are the primary constituents of 

papillary dermis, along with papillary fibroblasts, mast cells, macrophages, and other immune cells 

(Figure 3). Capillary loops within the papillary dermis supply blood to the epidermis and play a role 

in temperature regulation. Fibroblasts in this layer predominantly synthesize collagen type III, 

glycosaminoglycans, and proteoglycans (Smith & Melrose, 2015).  

Although it remains unclear how different fibroblast subtypes contribute to supporting 

keratinocytes in the epidermis, fibroblasts, in general, are indispensable for maintaining skin 

homeostasis. Communication between these two cell types occurs through paracrine signaling 

mechanisms involving the secretion and reception of soluble mediators such as cytokines, growth 

factors, and matrix metalloproteinases (MMPs). These factors regulate crucial processes, including 

Figure 3. The reticular dermis and papillary dermis within the dermal layer and the rough indication of epidermis. The 

function of fibroblasts was included. The hair follicle, dermal papilla, and the extracellular matrix were depicted. The 

illustration was adapted from Gomes et al. (Gomes et al., 2021) 
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cell proliferation, differentiation, migration, and the synthesis and degradation of the ECM. For 

instance, keratinocytes secrete interleukin 1 (IL-1), which induces fibroblasts to produce 

keratinocyte growth factor (KGF) and metalloproteinases. KGF, in turn, stimulates keratinocyte 

proliferation and migration. Metalloproteinases play a role in ECM degradation to facilitate wound 

closure (Russo et al., 2020).  

Ascending through the skin layers, the dermal-epidermal junction (DEJ) marks the critical interface 

between the epidermis and the dermis beneath. The DEJ is pivotal for skin homeostasis, 

supporting epidermal stem cell niches, regulating the cellular microenvironment, and segregating 

fibroblasts from keratinocytes. Its structure features a basement membrane composed of the 

thinner lamina lucida, housing α6β4 integrins and bullous pemphigoid (BP) 180, and the denser 

lamina densa, containing collagen type IV, laminin, nidogen, and perlecan (Goletz et al., 2017). 

In the stratum basale, keratinocyte stem cells maintain their pluripotency via the expression of p63 

and active Notch and Wnt (Wingless/Integrated) signaling pathway (Nair & Krishnan, 2013; 

Okuyama et al., 2004; Pellegrini et al., 2001). P63 is key in regulating epidermal development by 

suppressing differentiation-promoting genes, while Wnt/β-catenin signaling is crucial for stem cell 

vitality and proliferation (Bonnet et al., 2021; Koster et al., 2004; Kouwenhoven et al., 2015). 

Additionally, the Notch pathway, triggered by interactions with neighboring cell ligands, aids in 

sustaining proliferation and inhibiting differentiation (Nguyen et al., 2006). 

Keratinocyte differentiation is intricately regulated by various signaling pathways and molecular 

cues, with one significant factor being the downregulation of the E-cadherin signaling pathway. E-

cadherin-mediated cell adhesion in the stratum basal helps to maintain the undifferentiated state 

of keratinocytes by promoting cell-cell adhesion and preventing migration (P. Young et al., 2003). 

The downregulation of E-cadherin signaling weakens cell-cell adhesion, allowing keratinocytes to 

detach from their neighbors and be pushed upwards as cells proliferate (Gutowska-Owsiak et al., 

2020).  

As keratinocytes ascend from the basal layer into the stratum spinosum, Wnt and Notch signaling 

decrease due to reduced ligand availability and p63 downregulation (N. Wu et al., 2012). This 

reduction permits activation of differentiation-associated transcription factors like Kruppel-like 

factor 4 (KLF4) and grainyhead-like transcription factor 3 (GRHL3). KLF4 competes with p63 for 

DNA binding sites, inhibiting p63 transcription (Cordani et al., 2010), while GRHL3 collaborates 

with RE1-Silencing Transcription (REST) to suppress migration inhibitors, promoting keratinocyte 

differentiation and migration (X. Chen et al., 2021; Klein et al., 2017). Additionally, calcium plays a 

crucial role in supporting these transcription factors and keratinocyte differentiation (Bikle et al., 
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2012). In the basal layer, expressions of cytokeratin 5 (CK5), cytokeratin 14 (CK14), and p63 are 

typically observed, where CK14 and CK5 help maintain epidermal structure and regulate basal 

keratinocyte proliferation and differentiation (Alam et al., 2011; Feng & Coulombe, 2015; Jiang et 

al., 2020). 

As keratinocytes progress to the stratum spinosum, changes in desmosomes from DSC2/3 and 

DSG2/3 to DSC1 and DSG1/4 occur, influenced by AP-1 in response to calcium and growth factors, 

enhancing tight junctions (L. Müller et al., 2021; Ng et al., 2000). AP-1 and Notch pathways also 

boost the expression of involucrin and filaggrin, crucial for forming a resilient cornified envelope 

and aggregating keratin for structural support (Adhikary et al., 2004; C. A. Young et al., 2017). 

Additionally, cytokeratin 1 (CK1) and cytokeratin 10 (CK10) predominate in the stratum spinosum, 

marking this layer (Maytin et al., 1999; Törmä, 2011). 

The next layer is the stratum granulosum, which the differentiating keratinocytes from stratum 

spinosum was driven by the higher calcium level to become more differentiated and increase 

structural protein synthesis such as loricrin (Adams et al., 2015; Elias et al., 2002). During this 

phase, filaggrin, involucrin, and loricrin combine to form specialized organelles known as 

keratohyalin granules (Steinert & Marekov, 1995). The most common markers that can be used to 

characterize the stratum granulosum are filaggrin, loricrin, involucrin, and the presence of 

keratohyalin granules. Keratinocytes in this stage have started to become cornified, which can be 

described by the cells becoming more compact caused by numeral factors, including the cross-link 

of the proteins, the loss of organelles and nuclei, and the synthesis of lipids (Candi et al., 2005). 

These processes ensure the impermeability of the skin to potentially harmful substances.  

Fully cornified keratinocytes in the stratum corneum have flattened out and stacked together to 

form the outermost layer of the skin. This layer comprises 15 to 20 layers of compressed 

corneocytes, notable for their lack of nuclei and cell organelles, which enhance their protective 

function. Instead, their cytoplasm is rich in filamentous keratin, which imparts mechanical strength 

(Matsui & Amagai, 2015).  

The absence of nuclei in the stratum corneum results from the degradation of nuclear DNA during 

cornification, involving several pathways (Akinduro et al., 2016; Gdula et al., 2013; Yamamoto-

Tanaka et al., 2014). A dense network of cross-linked proteins is formed by transglutaminases 

acting on structural proteins like involucrin and loricrin, catalyzing the formation of ε-(γ-glutamyl) 

lysine isopeptide bonds (Tharakan et al., 2010). The stratum corneum also consists of a lipid matrix 

located in the spaces between corneocytes. The major lipids in the stratum corneum are ceramides 

(CER), cholesterol (CHOL), and free fatty acids, which have different molecular structures and chain 
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lengths. One of the most unique and essential lipids is the ω-acylceramide CER[EOS], which has a 

long fatty acid chain attached to the sphingosine base. CER[EOS] is thought to be essential for skin 

barrier properties by inducing the formation of a long-periodicity phase of 130 Å (LPP), which is a 

highly ordered lipid arrangement that minimizes water permeability (Kessner et al., 2008). The 

source of lipids found in the stratum corneum is mainly from the lamellar bodies, which are 

secretory vesicles produced by the keratinocytes in the granular layer just below the stratum 

corneum (Menon et al., 2012). 

The lamellar bodies within the granular layer contain various lipids, enzymes, and antimicrobial 

peptides. Upon fusion with the plasma membrane of keratinocytes, these lipids undergo several 

modifications, including hydrolysis, desaturation, and acylation, to form the final lipid composition 

of the stratum corneum (Vietri Rudan & Watt, 2022). The arrangement of lipids in the stratum 

corneum is also influenced by cell signaling pathways, such as the peroxisome proliferator-

activated receptor (PPAR) pathway, which regulates lipid synthesis and metabolism in the skin 

(Sertznig et al., 2012). Ultimately, the stratum corneum’s remarkable attributes are the result of 

the coordinated efforts of keratinocytes, their intricate differentiation processes, and the 

reinforcement of barrier function by lipids and proteins produced in the stratum granulosum, 

creating a cohesive and protective layer on the skin’s surface. 

In the intricate tapestry of skin biology, the epidermis and dermis, each with distinct layers and 

cell populations, harmoniously collaborate to provide the body with the first line of defense and 

structural integrity.  

1.2   The Skin as an Immune Organ 

The skin serves not only as the body's primary barrier against environmental threats but also as a 

key player in the immune response. This largest organ of the body is equipped with a sophisticated 

network of immune cells that orchestrate innate and adaptive immune responses, crucial for 

maintaining overall skin health and integrity. Among these immune cells, LC, DC, and T-

lymphocytes play pivotal roles in skin immunology, each contributing uniquely to immune 

surveillance and response. 

LC are epidermal-resident antigen-presenting cells (APC) that form a network across the basal and 

suprabasal layers of the epidermis. As professional APCs, they are pivotal in the initiation and 

regulation of adaptive immune responses. They express high levels of major histocompatibility 

complex (MHC) class II molecules and co-stimulatory molecules, which are essential for T-

lymphocyte activation. Upon antigen uptake and processing, LCs undergo maturation and migrate 
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to regional lymph nodes to present antigen peptides to naïve T-lymphocytes, thus priming the 

adaptive immune response. Their role is particularly critical in the context of contact 

hypersensitivity and pathogen entry through cutaneous routes (Nakajima et al., 2012). 

Dendritic cells (DC) in the dermis are phenotypically diverse and functionally versatile. They patrol 

the dermal compartment and, like LC, are adept at antigen capture and presentation. Dermally-

located DCs include subsets such as dermal interstitial DC, which are characterized by their 

expression of CD11c and MHC class II. These cells are crucial for the induction of immune tolerance 

under steady-state conditions and potentiate T-lymphocyte responses under inflammatory 

conditions. The migration of activated DCs to lymph nodes facilitates the polarization of T-

lymphocyte responses, which can lead to different immunological outcomes based on the context 

and nature of the antigen (Merad et al., 2008). 

T-lymphocytes in the skin include resident memory T-lymphocytes (TRM) and infiltrating effector 

T-lymphocytes, each playing distinct roles in immune surveillance and response. Upon activation 

by APCs, naïve T-lymphocytes differentiate into various effector subtypes, including Th1, Th2, 

Th17, and cytotoxic T-lymphocytes (CTLs), each orchestrating specific immune functions ranging 

from pathogen clearance to inflammation. Notably, TRMs persist in the skin and provide localized 

immune protection against previously encountered antigens, contributing to the skin’s memory 

immune response. The interaction between skin-resident T-lymphocytes and other immune cells 

is mediated through cytokine and chemokine signaling, which is crucial for the recruitment and 

activation of immune cells during inflammatory responses (Clark, 2010). 

Together, LC, DC, and T-lymphocytes constitute a dynamic and interdependent system within the 

skin's immune landscape. They ensure the skin can rapidly and effectively respond to infections, 

environmental insults, and other challenges, highlighting the complexity and importance of skin 

immunology. 

1.3   Immunology of Skin Sensitization 

1.3.1   Sensitization Phase 

Skin sensitization is a term used to describe the skin’s inflammatory response to chemicals. The 

chemical that could trigger such a response is identified as a skin sensitizer. Although skin 

sensitization can be mainly seen from the inflammatory signs on the skin, such as redness, the 

sensitization has already started before the inflammation occurs. There are two phases of skin 

sensitization, the first one is the sensitization phase, and the second one is the elicitation phase 

(Figure 4) (Rustemeyer et al., 2011).  
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Figure 4. The immune response to a metal ion in the context of skin sensitization, encompassing both the 

sensitization and elicitation phases. It commences with the penetration of the hapten or ion through the skin, followed 

by the haptenation process involving proteins and the subsequent responses of keratinocytes, Langerhans cell s (LC), 

and dermal dendritic cells (DCs). The maturation of LC and DC is vividly depicted, highlighting their pivotal roles. 

Furthermore, the illustration elucidates the migration of antigen-presenting cells (APC) to the lymph nodes, where they 

present antigens to naïve T-lymphocytes. These naïve T-lymphocytes subsequently differentiate into effector T-

lymphocytes, actively participating in the front-line response during the elicitation phase of skin sensitization. The 

source of illustration: (Lim et al., 2019). 

It was first confirmed that, in the sensitization phase, it is required for the low molecular weight 

substance of less than 500kDa (hapten) to bind to the protein in the skin through a covalent bond 

(Aleksic et al., 2009; Seppälä & Mäkelä, 1998). The process of haptens binding to unspecific skin 

proteins, known as protein haptenation, is a key step in developing inflammatory reactions (Erkes 

& Selvan, 2014; Mayer, 1956; Singleton et al., 2016). This process involves the formation of a 

covalent bond between the electrophilic components of the hapten and the nucleophilic side 

chains of amino acids in the target proteins within the skin such as lysine amino group (Lys), 

cysteine sulfhydryl group (Cys), and histidine imidazole group (His) (Divkovic et al., 2005; Lemus & 

Karol, 1985). Electrophilic components are parts of the hapten that are attracted to electrons and 

can accept an electron pair. On the other hand, nucleophilic side chains of amino acids are parts 

of the protein that can donate an electron pair (Aleksic et al., 2007; Kusharyoto et al., 2002). The 

interaction between these two components results in a covalent bond, which is a type of chemical 

bond that involves the sharing of electron pairs between atoms and forms a complex structure 

between hapten and proteins (Chipinda et al., 2011). This complex structure can be recognized by 

epidermal LC, keratinocytes, and dermal DC.  
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Not all chemicals can act as hapten, for example, if they are too big to penetrate the skin or if they 

are not reactive enough to form a covalent bond with proteins (Elahi et al., 2004; Wass & Belin, 

1990). The chemicals that can act as a hapten can be categorized as a hapten, pre-hapten, and 

pro-hapten. As mentioned, hapten can form a complex with proteins directly, while pre-hapten 

substances require non-metabolic activation for the substances to bind to the protein, and the 

metabolic activation is necessary for pro-hapten to become immunogenic (Aptula et al., 2007; 

Karlberg et al., 2013). The activation of pre-haptens most often occurs via a radical pathway with 

the formation of highly sensitizing hydroperoxides as the primary oxidation products. Most of 

these hydroperoxides are unstable. Often, they cannot be detected and are only identified as a 

result of secondary oxidation products being formed. Pre-haptens are actuated abiotically outside 

the skin substantially by autoxidation (Casati et al., 2016). Autoxidation is a process that involves 

the response of a substance to oxygen in the air. This process can lead to the conformation of ROS, 

which can also result in the transformation of pre-hapten into hapten (Sköld et al., 2004). In 

addition to autoxidation, pre-haptens can also be actuated by exposure to ultraviolet (UV) light. 

UV light exposure can lead to chemical bonds in the pre-hapten to break, leading to the 

conformation of reactive species that can form a complex structure with proteins (Urbisch et al., 

2016). Pro-haptens are substances that are initially non-reactive and non-allergenic. However, 

when they encounter the skin, they can undergo a biochemical transformation to become haptens, 

which are capable of triggering an immune response. This transformation process is typically 

facilitated by enzymes present in the skin, such as the Cytochrome P450 enzymes (Bergström et 

al., 2007; Gerberick et al., 2009; Hansson et al., 1995).  

In the epidermis, the detection of hapten-protein complexes involves LC and keratinocytes. The 

epidermal layer primarily comprises keratinocytes, which account for approximately 90% of its 

composition (McGrath et al., 2008). However, the role of keratinocytes extends beyond providing 

structural integrity; they also play a pivotal role in the skin’s immune responses (Mann et al., 2001; 

McCully et al., 2012; Tamoutounour et al., 2019).  

Keratinocytes can react to skin sensitizers through a currently known pathway, which is the Kelch-

like ECH-associated protein 1 (Keap1)- nuclear factor erythroid 2-related factor 2 (Nrf2)- 

antioxidant response element (ARE) pathway, and a less known pathway; transient receptor 

potential (TRP) channels. To combat these threats, keratinocytes employ a system involving the 

Keap1-Nrf2-ARE pathway. Keap1 serves as a sensor for cellular stress, including hapten exposure, 

and functions as a repressor of Nrf2 under normal conditions. When keratinocytes encounter 

haptens, a cascade of events is initiated. Haptens can covalently modify the Cys residues on Keap1 

(Wakabayashi et al., 2004). In response to this modification, Nrf2 is released from Keap1 
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repression, allowing it to translocate into the nucleus of keratinocytes. In the nucleus, Nrf2 

activates the ARE, which leads to the upregulation of several target genes, including the one 

transcribing IL-8, HMOX1, and reductases (El Ali et al., 2013).  

TRP channels play a significant role in human keratinocytes. Keratinocytes express various sensory 

receptors present on sensory neurons, such as receptors of the TRP family. These include Transient 

Receptor Potential Vallinoid 1 (TRPV1), a primary transducer of painful heat and itch transduction, 

Transient Receptor Potential Vallinoid 4 (TRPV4), which is depicted as a heat sensor, while 

Transient Receptor Potential Melastatin (TRPM) and Transient Receptor Potential Ankyrin 1 

(TRPA1) are both of ion channels (Talagas & Misery, 2019). Recent studies have demonstrated that 

the specific and selective activation of TRPV1 on keratinocytes is sufficient to induce pain (Talagas 

& Misery, 2019). Similarly, the targeted activation of keratinocyte-expressed TRPV4 elicits itch and 

the resulting scratching behavior, although TRPV4 is classically known as a heat sensor (Y. Chen et 

al., 2016; Darby et al., 2016). TRPV1 is a non-selective channel receptor widely expressed in skin 

tissues, including keratinocytes, peripheral sensory nerve fibers, and immune cells. It is activated 

by various exogenous or endogenous inflammatory mediators, triggering neuropeptide release 

and neurogenic inflammatory response (Xiao et al., 2023). In the epidermis, TRPM contributes to 

keratinocyte differentiation by regulating calcium influx. Calcium ions (Ca2+) released from 

intracellular stores as well as influx through the plasma membrane are essential to the skin 

function (M. Wang et al., 2021). TRPA1 is also one of the calcium ion channel and temperature 

sensors. However, it has also been found to be able to recognize electrophiles through the binding 

of it with key residues on the channel itself such as cinnamaldehyde, 2,4,6-trinitrochlorobenzene 

(TNBS), and 2,4-Dinitrochlorobenzene (DNCB) (Engel et al., 2011; Ishibashi et al., 2008; Sun & 

Chen, 2007; H. Wu et al., 2022). There could be potentially more pathways to be discovered. 

Keratinocytes play more of an enhancer role in sensing the haptens by secreting inflammatory 

cytokines, which then amplify the inflammatory response from both epidermal LC and dermal DC, 

as well as recruiting effectors CD4+ and CD8+ T-lymphocytes to the site (Jiang et al., 2020).  

In parallel to the binding of electrophile substances or haptens to the keratinocytes, the hapten-

protein complex will be recognized by the LC and dermal DC. These two are similar as they function 

as APCs, but LCs are located in the epidermis and are most prominent in the stratum spinosum, 

while DCs are situated in the dermis layer (BERMAN et al., 1983; Clayton et al., 2017). Both DCs 

and LCs extend their protrusions and create an immune network within each layer. Once the APCs 

encounter foreign substances, they engulf them through a process called phagocytosis (Blum et 

al., 2013). Within the APCs, these pathogens and foreign substances are broken down into smaller 

protein fragments in specialized compartments called lysosomes (Blander & Medzhitov, 2006). 
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These protein fragments, known as antigens, are then loaded onto a protein called MHC 

molecules. MHC molecules come in two classes, which are MHC-I for intracellular antigens and 

MHC-II for extracellular antigens. The loading of MHC-I molecules is facilitated by the proteasome, 

which degrades intracellular proteins into peptides, while MHC-II loading is aided by a protein 

complex called the invariant chain (Roche & Furuta, 2015). Once loaded, MHC molecules transport 

the antigenic peptides to the DC’s surface, where they are presented to T-lymphocytes, initiating 

the adaptive immune response. In addition to MHC-II, LCs can be characterized by the expression 

of CD1a and CD207 (Langerin). CD1a is a monomorphic antigen-presenting molecule that binds 

the self and foreign cellular lipids for display to T-lymphocytes. CD207, also known as Langerin, is 

part of the C-type lectin receptor (CLR) family, which plays roles in binding pathogens (Mizumoto 

& Takashima, 2004). While DCs share the character of CD1a expression, they possess CD209 

instead of CD207. CD209, also known as Dendritic Cell-Specific Intercellular adhesion molecule-3-

Grabbing Non-integrin (DC-SIGN), is a type I transmembrane protein and a member of CLR that 

facilitates the recognition of pathogens (J. Li et al., 2022; Rahimi, 2020).  

Once the APCs have processed antigen, they become mature, which can be characterized by the 

expression of CD83 and CD86. CD83 is a type I membrane protein that belongs to the 

immunoglobulin superfamily, which can be found on the surface of matured DC or soluble form 

secreted by matured APCs as well, the roles of CD83 are not limited to being a co-stimulatory 

molecules to bind with CD83 ligand on T-lymphocytes (Breloer & Fleischer, 2008), but also involve 

in regulating the expression of MHC-II and CD86 by effectively obstructing the interaction between 

MHC-II and the ubiquitin ligase known as MARCH1 which in turn prevent the degradation of MHC-

II and CD86 (Tze et al., 2011). CD86 (B7-2) is a type I transmembrane glycoprotein from the 

superfamily of immunoglobulin. It is a co-stimulatory molecule that can often be found together 

with CD80 (B7-1), although their existence is independent of each other. The ligand of these 

molecules on T-lymphocytes is CD28, and cytotoxic T-lymphocyte-associated Protein 4 (CTLA-4), 

which are important for T-lymphocytes activation and survival (Maney et al., 2014; Y. Wang et al., 

2011). Upon maturation, APCs will start presenting antigen to the recruited cells, but when the 

antigen is not recognized, they will start to migrate to the lymph node (Mbongue et al., 2014). The 

migration of LCs to the lymph node occurs after the initial encounter with inflammatory triggers 

such as haptens, TNF-α, IL-18 and IL-1β LCs move to the dermis through the play of CXC-chemokine 

receptor 4 (CXCR4) – CXC-chemokine ligand 12 (CXCL12), without depending on C-C motif 

chemokine receptor type 7 (CCR7) (Gallego et al., 2021; Villablanca & Mora, 2008). Following this, 

LCs and DCs situated in the dermis heighten their CCR7 expression, facilitating entry into the 

lymphatic system and onward journey toward the lymph node (Ohl et al., 2004).  
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In the lymph node where the APCs encounter naïve CD4+ T-lymphocytes, the antigen on MHC-II is 

presented to the T-lymphocytes for the T-lymphocytes to become activated. The activation of T-

lymphocytes requires three signals. The first one is the binding of MHC-II with T-lymphocytes 

receptor (TCR) or CD3, and the second one is the binding of CD28 to CD80/CD86, the third signal 

is the binding of IL-2 to CD25 or IL-2 receptor (Joglekar & Li, 2021; Tai et al., 2018). Upon successful 

recognition and co-stimulation, intracellular signaling cascades are initiated within the T-

lymphocyte. Key players in this phase include the protein kinase Lck, which phosphorylates the 

immunoreceptor tyrosine-based activation motifs (ITAMs) on the CD3 subunits of the TCR complex 

(Bozso et al., 2020). This leads to the recruitment and activation of Zeta-chain-associated protein 

kinase 70 (ZAP-70), which further phosphorylates downstream molecules, triggering multiple 

signaling pathways (Tewari et al., 2021). One of these pathways results in an increase in 

intracellular calcium levels, a critical factor in T-lymphocyte activation (Erdogmus et al., 2022). 

Elevated calcium activates the phosphatase calcineurin, which, in turn, is essential for the 

activation of the transcription factor NFAT (Nuclear Factor of Activated T-lymphocytes) (Wiese et 

al., 2017). Active NFAT translocates to the nucleus, cooperates with other transcription factors, 

and initiates the expression of IL-2 and other cytokines (J. U. Lee et al., 2018) (Figure 5). 

 

Figure 5. The immune synapse between antigen-presenting cells (APC) and T-lymphocytes during the process of 

antigen presentation. The figure outlines the three key steps of T-lymphocyte differentiation. Step 1 is the activation 

by major histocompatibility complex II (MHC-II) loaded with antigen binds with the T-cell receptor (TCR). Step 2 is the 

proliferation. During the second step, T-lymphocyte proliferation occurs as CD80/CD86 molecules from the APC 

match with CD28 on T-lymphocytes, and interleukin-2 (IL-2) binds to the IL-2 receptor on T-lymphocytes. Step 3 is the 

differentiation. In the final step involves the differentiation of T-lymphocytes into distinct character types, which is 

guided by cytokines and other factors. The figure is take from Lozano-Ojalvo et al. (Lozano-Ojalvo et al., 2015). 
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IL-2 is a central cytokine in T-lymphocyte activation, as it stimulates the proliferation and 

differentiation of T-lymphocytes. Upon stimulation, CD4+ upregulates CD69, which is a 

glycoprotein that is involved in T-lymphocyte migration and proliferation (Koyama-Nasu et al., 

2022; López-Cabrera et al., 1993; Mita et al., 2018). Notably, CD4+ T-lymphocytes can produce IL-

2 themselves for their own IL-2 receptor (CD25), acting in an autocrine manner to fuel their own 

expansion (Ross & Cantrell, 2018). Moreover, naïve CD4+ T-lymphocytes are known to express 

CD45RA and CCR7, but after the encounter with APCs, they change the pattern of characterization 

markers. CD45RA is a protein tyrosine phosphatase receptor associated with resting T-lymphocytes 

(Trowbridge & Thomas, 1994). The activation of T-lymphocytes leads to the loss of CD45RA 

expression, indicating a transition of naïve to effector or memory T-lymphocytes. CCR7 is known 

to guide naïve T-lymphocytes from the thymus into the lymph node (Britschgi et al., 2008; Bromley 

et al., 2005), which will be reduced upon activation to prevent T-lymphocytes to migrate back to 

lymphoid organs. The subset of T-lymphocytes can be considered as shown in the figure (Mahnke 

et al., 2013; R. Okada et al., 2008; Tian et al., 2017) (Figure 6).  

As a result of activation, the activated CD4+ T-lymphocytes undergo clonal expansion, yielding a 

substantial population of effector T-lymphocytes that can differentiate into various subsets, like T-

helper cells 1 (Th1), T-helper cells 2 (Th2), T-helper cells 17 (Th17), or regulatory T-lymphocyte 

(Treg) cells, or memory T-lymphocytes depending on the specific signals and cytokines in their 
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Figure 6. T-lymphocyte subsets based on the expression of CD45RA and CCR7. The upper left quadrant represents naïve 

T-lymphocytes, while the lower left quadrant depicts terminally differentiated re -expressing CD45RA (TEMRA) T-

lymphocytes. Central memory T-lymphocytes are situated in the upper right quadrant, and effector memory  T-

lymphocytes reside in the lower right quadrant. Specifically, naïve T-lymphocytes are characterized by the presence of 

both CD45RA and CCR7. In contrast, TEMRA T-lymphocytes exclusively express CD45RA. Central memory T-lymphocytes 

express CCR7 only, and effector memory T-lymphocytes lack both CD45RA and CCR7 expression. 



14 
 

microenvironment (Sjaastad et al., 2021). Later on, the memory T-lymphocytes remain in the 

lymph node while the effector T-lymphocytes go back to the circulation or tissues depending on 

the type of effector T-lymphocytes itself and are ready to act once the antigen comes into contact 

with the skin for the second time (Ho & Kupper, 2019; Sallusto et al., 2004).  

1.3.2   Elicitation Phase 

The elicitation phase is the phase when the hapten comes into contact with the skin for the 

second time. The binding of the hapten to the protein in the skin occurs in similar steps as in the 

sensitization phase. APCs take up the hapten-protein complex and present it again with MHC-II. 

Activated LC and keratinocytes, the predominant cells in the epidermis, produce chemokines as a 

response to hapten exposure (Rustemeyer, 2022). For instance, C-C motif chemokine ligand 27 

(CCL27-also known as cutaneous T-lymphocyte attracting chemokine, CTACK) is produced by 

keratinocytes, while C-C motif chemokine ligand 17 (CCL17) is produced by DC. The chemokines 

CCL27 and CCL17 act as chemoattractants specifically for T-lymphocytes, including CD4+ T-

lymphocytes, which are critical in the elicitation phase of skin sensitization (Goebeler et al., 

2001). These chemokines bind to their respective receptors (CCR10 for CCL27 and CCR4 for 

CCL17) on the surface of T-lymphocytes. The lymphocytes are recruited to the site but not in an 

antigen-specific manner, which will be determined through the binding of APCs and the T-

lymphocytes. Once the CD4+ T-lymphocytes match with the antigen, they secrete inflammatory 

cytokines such as interferon-gamma (IFN-γ), IL-4, IL-17, and TNF-α (Kathamuthu et al., 2022; 

Martinez-Sanchez et al., 2018). This cytokine release, particularly in response to IFN-γ, prompts 

keratinocytes to increase their expression of adhesion molecules and cytokines/chemokines 

(Chieosilapatham et al., 2021; Mestrallet et al., 2021). Consequently, this upregulation further 

stimulates the recruitment of additional immune cells, including T-lymphocytes, NK cells, 

macrophages, mast cells, and eosinophils, to the affected site (Figure 4).  

In conclusion, skin sensitization is a complex immunological process that can lead to allergic 

contact dermatitis, a common occupational and environmental disease. The identification and 

characterization of skin sensitizers are essential for the prevention and management of this 

condition, as well as for the development of alternative methods to animal testing for testing the 

sensitization potential of substances. Several in vitro and in silico approaches have been proposed 

to assess the skin sensitization potential of chemicals, but none of them can fully capture the 

mechanistic diversity and variability of human responses. Therefore, a combination of multiple 

methods and integrated testing strategies is recommended to achieve a more accurate and 

reliable prediction of skin sensitization hazards. 
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1.4   The Growing Importance of Skin Sensitization Assessment 

Skin sensitization is a growing health concern driven by chemicals that trigger allergic reactions 

upon skin contact. The increasing prevalence of allergic diseases, likely attributable to heightened 

chemical exposure since the industrial era, is a matter of serious concern. For instance, as reported 

by the European Chemicals Agency (ECHA), millions of Europeans now suffer from sensitivities to 

chemicals found in textiles and leather goods, with approximately 180,000 new cases emerging 

each year. These allergies manifest across a spectrum of reactions, ranging from mild skin 

irritations to severe symptoms, depending on the allergen’s potency. Concerning overall skin 

sensitivity, data reveals that roughly 60-70% of women and 50-60% of men report experiencing 

some degree of sensitive skin (Farage, 2019).  

This escalating trend in skin sensitivity constitutes a pressing health issue that warrants close 

attention. This has led to the imperative need to develop skin sensitization assays for assessing a 

substance’s potential to induce allergic contact dermatitis, a form of skin inflammation resulting 

from repeated exposure to an allergen. To better understand and advance the testing of skin 

sensitizers, the OECD has put forward an AOP outlining four key events occurring during the skin 

sensitization process (OECD, 2014). Skin sensitization unfolds in two phases, with the initial phase 

being the induction or sensitization phase. The initial event is the conjugation of haptens from 

organic chemical substances with skin proteins (KE 1). Simultaneously, an inflammatory response 

in keratinocytes is provoked by the formation of hapten-protein complexes (KE 2). Subsequently, 

the protein-hapten complex induces the maturation and migration of epidermal LC and DC (KE 3), 

which present the antigen to CD4+ T-lymphocytes, resulting in T-lymphocyte activation and 

proliferation (KE 4). It is crucial to acknowledge that the process of skin sensitization is remarkably 

complex, and the AOP provides a simplified representation of the intricate sequence of events 

(Figure 7).  
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Figure 7. The adverse outcome pathway (AOP) of skin sensitization, as defined by the OECD. It presents the four key 

events, along with their corresponding molecular or cellular responses. Additionally, for each key event, an example of 

an OECD-approved skin sensitization assay is provided. The figure is taken from Stricklan et al. (Strickland et al., 2016). 

Acronym explanation: Direct Peptide Reactivity Assay (DPRA), the Human Cell Line Activation Test h -CLAT, and Local 

Lymph Node Assay (LLNA). 

The AOP framework is a vital tool in toxicology, designed to elucidate the sequence of events that 

occur from a molecular initiating event to an adverse outcome. In the context of skin sensitization, 

the AOP aids in comprehending the molecular and cellular changes that lead to the development 

of allergic contact dermatitis. Each key event in the AOP can be explained in greater detail as 

follows. 

KE 1: Conjugation of haptens - This event involves the binding of haptens, which are small 

electrophilic molecules, to proteins within the skin. It is a pivotal step, as it transforms an 

otherwise harmless chemical into a potential allergen. The formation of hapten-protein complexes 

can induce an immune response. 

KE 2: Inflammatory response of keratinocytes - When haptens bind to skin proteins, it triggers an 

inflammatory response in keratinocytes, which are the predominant cell types in the epidermis. 

This inflammatory response can lead to the release of pro-inflammatory cytokines. 

KE 3: Maturation and migration of LCs and DCs - The protein-hapten complexes formed in KE 1 can 

trigger the maturation and migration of LC in the epidermis and dermal DC. These cells are 

responsible for capturing antigens and presenting them to immune cells. 

KE 4: T-Lymphocyte activation and proliferation - The presentation of antigens by LC and DC to 

CD4+ T-lymphocytes initiates T-lymphocyte activation and proliferation. This step is pivotal, as it 

sets in motion the adaptive immune response characteristic of allergic contact dermatitis. 
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There are different types of skin sensitization assays in chemico, in vivo, in vitro, and in silico. Each 

type of assay plays a distinct role in assessing skin sensitization potential, offering valuable insights 

at different stages of the testing process. The variety of available assays ensures a comprehensive 

evaluation of the sensitization risk associated with various substances, ultimately contributing to 

better safety assessments. In chemico assays utilize chemical methods to evaluate a substance’s 

reactivity with synthetic peptides that mimic skin proteins which is the KE1. For example, the Direct 

Peptide Reactivity Assay (DPRA) (Bauch et al., 2012; OECD, 2023b), Amino acid Derivative 

Reactivity Assay (ADRA) (Wanibuchi et al., 2019), and kinetic Direct Peptide Reactivity Assay 

(kDPRA) (OECD, 2023b) measures the depletion of cysteine or lysine residues in the peptides after 

incubating them with a test substance. The decrease of these residues signifies the haptenation, 

the first event of skin sensitization. DPRA is recognized for its ability to assess the skin sensitization 

potential of chemicals by simulating their interaction with skin proteins, particularly with regard 

to haptenation—a critical step in the sensitization process (Bauch et al., 2011; OECD, 2023b). 

In vivo assays employ animals, such as mice or guinea pigs, to observe and evaluate skin responses 

following the application of a substance. For instance, the LLNA is a widely used in vivo assay done 

in mice that measures the proliferation of lymphocytes in the lymph nodes draining the site of 

application, which is KE4. LLNA has demonstrated good predictive accuracy and reliability and is 

considered a robust tool for evaluating the sensitization potential of chemicals (Kimber et al., 1986; 

OECD, 2010). In vitro assays rely on cultured cells or tissues to assess the activation of immune 

cells, or the expression of biomarkers associated with skin sensitization. For instance, the Human 

Cell Line Activation Test (h-CLAT) measures the upregulation of CD86 and CD54 molecules on the 

surface of monocytic cells following exposure to a test substance. h-CLAT is a valuable in vitro assay 

that reflects the molecular and cellular events involved in the early stages of skin sensitization 

(Ashikaga et al., 2006; OECD, 2023d; Sakaguchi et al., 2009a). In silico is the up-and-coming field 

where the collected experiment data are utilized to develop a program that could predict either 

just on key event or all key events. The in silico models are based on existing open-source 

databases such as SkinSensDB, Registration, Evaluation, Authorisation and Restriction of Chemicals 

(REACH), and National Toxicology Program as a source to make predictions (Johnson et al., 2020). 

This database could be derived either from the in chemico assays, in vivo, or in vitro assays. For 

example, Quantitative Structure-Activity Relationship (QSAR) models are employed to forecast the 

sensitization hazard of chemicals by analyzing their structural properties and activity. QSAR models 

have demonstrated good predictivity for skin sensitization hazard assessment (Yordanova et al., 

2019). 
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Skin sensitization assays are important for assessing the safety of various products, such as 

cosmetics, drugs, or chemicals, which may encounter human skin. However, there are also some 

limitations and challenges associated with the existing skin sensitization assays.  

In chemico assays offer several advantages, making them a valuable component of a weight-of-

evidence approach for skin sensitization assessment. Their simplicity, speed, cost-effectiveness, 

and animal-free nature make them attractive options. These assays can aid in reducing the 

occurrence of false positive and false negative results. By assessing the reactivity of substances 

with synthetic peptides that mimic skin proteins, in chemico assays provide essential insights into 

the sensitization potential of chemicals, especially in the context of haptenation. While in chemico 

assays offer valuable data, it is crucial to recognize their limitations. These assays primarily address 

one aspect of the complex mechanism of skin sensitization, focusing on hapten-protein 

conjugation. They do not account for other critical factors, such as metabolism, bioavailability, 

immunogenicity, or individual variability. Therefore, in chemico assays cannot be used as 

standalone methods to predict skin sensitization hazard or risk and must be complemented by 

other assays that cover different key events in the AOP for skin sensitization.  

In vivo assays offer unique advantages by providing information on the potency, dose-response 

relationship, and the potential to induce systemic or local allergic reactions in animals. These 

assays account for factors like skin metabolism, penetration, and immunological responses, which 

may not be fully captured by in vitro or in chemico methods. In vivo tests offer a comprehensive 

view of the sensitization potential of substances. In vivo assays have their limitations, including 

ethical concerns, animal welfare issues, high costs, variability, and limited applicability to certain 

substances or mixtures. There may also be differences between animal species and humans, 

affecting the accuracy of predictions. It is evident that the accuracy of the LLNA compared to the 

human data is approximately 72-78% (Tourneix et al., 2019; van Huygevoort, 2017). Additionally, 

regulatory restrictions, such as the EU ban on animal testing of cosmetic ingredients (Regulation 

(EC) No. 1223/2009) and a strong recommendation from the authorities to follow the 3R principle, 

have led to a shift towards non-animal testing methods. The 3R principle was developed with the 

aim to Reduce, Refine, and Replace animal testing. These factors underscore the need for the 

development and validation of alternative methods that can predict skin sensitization potential 

without animal testing, leading to the emergence of in vitro and in silico assays.  

In vitro assays offer ethical, humane, and cost-effective alternatives to animal testing. They are 

characterized by reduced resource requirements, faster results, and the ability to provide 

information on the molecular and cellular events underlying skin sensitization. In vitro assays play 
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a crucial role in understanding the early stages of sensitization and are a preferred choice for 

animal welfare. While in vitro assays offer numerous benefits, they may not fully capture the 

complexity and variability of the skin’s immune system. The interactions between the skin and 

other organs and systems may not be faithfully represented. Additionally, the limited applicability 

of in vitro assays to detect all types of skin sensitizers or account for the exposure conditions of 

chemicals is a potential drawback. The variance in performance characteristics and validation 

status across different in vitro assays may impact their reliability and acceptance by regulatory 

authorities. However, it is noteworthy that non-animal methods have shown good predictivity for 

skin sensitization hazard assessment with a “2 out of 3 Defined Approach” (2o3 DA) prediction 

model showing accuracies of 90% or 79% compared to human or LLNA data, respectively (Urbisch 

et al., 2015). The 2 out of 3 prediction model is the practical method to combine different in vitro 

tests targeting different key events together to cover more key events in an experiment.  

In silico skin sensitization assays are computational methods that use data and models to predict 

the potential of a substance to cause skin sensitization. These methods have some advantages and 

disadvantages compared to traditional animal testing or in vitro assays. One advantage of in silico 

methods is that they are faster and cheaper than animal testing or in vitro assays, which require 

more time, resources, and ethical approval. In silico methods can also provide mechanistic insights 

into the molecular pathways involved in skin sensitization, which can help identify safer 

alternatives or design strategies to reduce the sensitizing potential of a substance. Moreover, it 

has been shown that the in silico tools such as QSAR, DEREK Nexus, and six others can predict the 

skin sensitizers with 70-80% accuracy in comparison to human data (Golden et al., 2021). Despite 

the advantages, in silico methods are constrained by the availability and quality of data and 

models, limiting their coverage of the various facets of skin sensitization, including individual 

variability, complex interactions, and long-term effects. These computational methods may have 

uncertainties and limitations related to their validation and applicability domains, making it 

essential to exercise caution and combine in silico methods with other information sources for 

robust decision-making. 

The importance of research and development in skin sensitization assays is underscored by the 

need for improved testing methods that overcome current limitations. By striving for more 

accurate, reliable, and ethical results, researchers can enhance the safety assessment of products 

and chemicals that interact with human skin, ultimately benefiting public health.  



20 
 

1.5    Enhancing Skin Models: Toward Better Skin Sensitization Assays 

The development of in vitro skin models has been a long-standing goal for researchers in 

dermatology and tissue engineering. In vitro skin models can provide valuable insights into the 

structure, function, and pathology of human skin, as well as enable drug development and testing. 

This is comprehensively reviewed elsewhere (Niehues et al., 2018; Rousi et al., 2022; Sarama et 

al., 2022; Vilela De Sousa et al., 2023). The history of in vitro skin models can be traced back to 

1981, when the skin graft was created by casting fibroblasts into the collagen lattice, with 

keratinocytes seeded on top (Bell et al., 1981b). Since then, this method has been employed to 

create more realistic and complex skin representative assays, such as monolayer cultures, three-

dimensional (3D) tissue reconstruction such as reconstructed human epidermis (RHE), and RHS, 

and skin-on-chip (Figure 8). 

 

Figure 8. The differences between each type of model. From left to right; monolayer cell culture, a reconstructed 

human epidermis (RHE) containing only epidermis, a reconstructed human skin model (RHS) containing both epidermis 

and dermis (lower compartment), and skin-on-chip connecting to the perfusion system. Source of figure components: 

Biorender.com 

Monolayer cultures are the simplest form of in vitro skin models, where keratinocytes or 

fibroblasts are grown on a flat surface. These models can be used to study basic cellular processes, 

such as proliferation, differentiation, and signaling. However, they lack the spatial organization and 

interactions of native skin. Three-dimensional tissue reconstruction involves the generation of 

multilayered skin equivalents that mimic the epidermis and/or dermis layers of human skin. These 

models can be derived from patient cells or genetically modified cells to create disease-specific or 

personalized skin models.  

One of the most common types of 3D skin models is the RHE model, which consists of 

keratinocytes cultured on a porous membrane. The keratinocytes form a stratified epidermis with 

a functional stratum corneum, the outermost layer of the skin that provides a barrier against water 
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loss and external agents. RHE models can be used to test the irritancy, toxicity, and permeability 

of various substances on the skin (Agonia et al., 2022). However, RHE models do not fully represent 

the complexity of human skin, as they lack other cell types, such as fibroblasts, melanocytes, and 

immune cells, which are present in the epidermis, dermis, and hypodermis layers. Fibroblasts are 

responsible for producing collagen and elastin, the main structural proteins of the skin. 

Melanocytes produce melanin, the pigment that gives color to the skin and protects it from UV 

radiation. Immune cells, such as LCs and macrophages, play a role in defending the skin from 

infections and inflammation. 

To overcome these limitations, RHS, which includes both epidermal and dermal components, has 

been developed. RHS is usually generated by seeding keratinocytes on top of a dermal equivalent, 

which is a scaffold containing fibroblasts made of collagen or other biomaterials that support the 

growth of fibroblasts (Bell et al., 1981a). RHS models, with their inclusion of both epidermal and 

dermal components, hold significant value in skin research. These models more accurately 

replicate the mechanical properties, vascularization, and innervation found in human skin 

compared to simpler RHE models. For example, RHS can effectively mimic the skin’s vascular 

network, allowing for an in-depth examination of how substances interact with blood vessels and 

how skin may respond to injuries (Matei et al., 2019). This capacity for more realistic 

representation makes RHS models a powerful platform for a wide range of studies, from drug 

testing to understanding skin diseases and the wound healing process. 

One of the main advantages of RHS is the higher physiological relevance without raising ethical 

concerns and regulatory barriers. However, apart from the structural inaccuracy, these models still 

lack some key immune cells. There are more than five different types of immune cells co-existing 

in native skin, for example, LC, DC, macrophages, resident T-lymphocytes, and mast cells. Due to 

the lack of these cells, the 3D skin models often cannot accurately portray immune cross-talk and 

the immunological responses to the external threats that would occur in the physiological skin. 

Researchers have been improving the skin model methods as well as the integration of the 

immune cells into the skin models to make them more biologically relevant, but only LCs or DCs 

were utilized using in skin sensitization assessment research, as stated in Table 1.  

Immune cells Model type Incorporating/ 
integrating method 

Application Readout References 

T-

lymphocytes 

Th1/Th7 or 

CCR6+CLA+ 

cells 

3D RHS from 

primary cells 

T-lymphocytes were 

cultured on the collagen 

gel, and then the matured 

RHS was placed onto the 

To mimic 

psoriatic skin 

and to study the 

respond of the 

T-lymphocyte 

infiltration 

into the RHS 

and the 

(Shin et al., 

2020) 
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Immune cells Model type Incorporating/ 
integrating method 

Application Readout References 

T-lymphocyte-attached 

collagen gel 

models to 

psoriasis drugs 

expression of 

CD69 and 

CD25  

 CD4+ T-

lymphocytes 

or PBMCs 

3D RHS from 

immortalized 

cells 

T-lymphocytes were 

embedded in the collagen 

gel, and then the matured 

RHS was placed onto the 

T-lymphocyte layer 

To study the 

cross-talk 

between CD4+ T-

lymphocytes and 

fibroblasts in 

response to c. 

albicans 

infection 

T-lymphocyte 

infiltration 

into the RHS, 

CXCL9, 

CXCL10, and 

CXCL11 

secretion, 

and the 

inflammatory 

response of 

fibroblasts 

(Kühbacher 

et al., 2017) 

 CD4+ T-

lymphocytes 

3D RHS from 

primary cells 

T-lymphocytes were 

placed underneath the 

matured RHS 

To investigate 

the trigger of T-

lymphocyte 

infiltration into 

the filaggrin-

deficient RHS 

The 

infiltration of 

the T-

lymphocytes 

in the RHS 

and the shift 

of T-

lymphocyte 

profile 

according to 

cytokines 

secretion and 

gene 

expression 

(Wallmeyer 

et al., 2017) 

 Th1 or Th2 3D self-

assembled 

RHS from 

primary cells 

Th1 or Th2 cells were 

mixed with various 

cytokines and topically 

added to the matured 

RHS 

To investigate 

the method to 

induce psoriasis- 

and atopic 

dermatitis in 3D 

RHS 

The 

inflammatory 

profile of the 

epidermis 

according to 

the marker 

expression 

and atopic 

dermatitis 

and psoriasis-

related gene 

expression 

(Morgner et 

al., 2023) 

 CD45RO+ T-

lymphocytes 

3D RHS from 

primary 

fibroblasts 

and HaCaT  

The T-lymphocytes were 

embedded in the collagen 

layer, and the matured 

RHS was placed on top of 

it 

To develop the 

RHS with 

eczematous 

dermatitis 

condition 

The hallmark 

markers of 

the condition 

are 

keratinocyte 

apoptosis, 

change in E-

cadherin, 

iCAM-1, NT-4 

(Engelhart 

et al., 2005) 
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Immune cells Model type Incorporating/ 
integrating method 

Application Readout References 

expression, 

and the 

secretion of 

IL-1α, IL-6, IL-

8, IP-10, 

TARC, MCP-1, 

RANTES, and 

eotaxin  

 Th1 and 

Th17 

3D RHS from 

seeding 

NHEK on de-

cellularized 

dermis 

T-lymphocytes were 

placed underneath the 

matured RHS 

To study the 

cross-talk 

between 

keratinocytes 

and T-

lymphocytes in 

psoriatic- and 

atopic RHS 

Psoriasis-

related gene 

expression, 

pro-

inflammatory 

cytokines, 

and 

chemokines 

secretion 

(Van Den 

Bogaard et 

al., 2014) 

Langerhans 

cells 

or  

dendritic 

cells 

MoDC 3D RHS from 

primary cells 

MoDC were embedded 

into the agarose-

fibronectin gel and placed 

between the dermal and 

epidermal layer 

To study the 

respond of the 

models to skin 

sensitizers 

(DNCB) 

MoDC 

migration, 

CD86 

expression, 

and the 

secretion of 

IL-1α, IL-6, 

and IL-8 

(Chau et al., 

2013) 

 MUTZ-LC 3D RHS from 

primary cells 

MUTZ-LC was 

resuspended with NHEK 

and seeded on the dermal 

layer 

To study the 

response of the 

models to skin 

sensitizers 

(NiSO4 and 

Resorcinol) 

MUTZ-LC 

migration to 

the dermis, 

CD83 

expression, 

and IL-1β 

expression 

(Ouwehand 

et al., 2011) 

 MoLC and 

MoDC 

3D RHS from 

primary cells  

MoLC and MoDC were 

resuspended with NHEK 

and seeded on top of the 

dermal layer 

To study the 

inflammatory 

response of the 

model to UV 

radiation 

The secretion 

of pro-

inflammatory 

cytokines 

(Bechetoille 

et al., 2007) 

 MUTZ-LC 

and MoLC 

3D RHS from 

primary cells  

MUTZ-LC or MoLC were 

resuspended with NHEK 

and seeded on top of the 

dermal layer 

To study the 

response of the 

model to skin 

sensitizers 

(DNCB, 

isoeugenol, and 

sodium dodecyl 

sulfate) 

The immune 

cell 

migration, 

the CD83, 

PD-L1, CXCR4 

gene 

expression, 

and the IL-6 

(Bock et al., 

2018) 
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Immune cells Model type Incorporating/ 
integrating method 

Application Readout References 

and IL-8 

secretion 

 MUTZ-LC 3D RHS from 

primary cells 

MUTZ-LC were 

resuspended with NHEK 

and seeded on top of the 

dermal layer 

Method 

development 

- (Laubach et 

al., 2011) 

Abbreviations and acronyms arranged alphabetically: DNCB; 2,4-dinitrochlorobenzene, ICAM-1; Intercellular Adhesion Molecule 1, 

MCP-1; Monocyte Chemoattractant Protein-1, MoDC; Monocyte-derived dendritic cells; MoLC; Monocyte-derived Langerhans cell, 

MUTZ-LC; MUTZ-3 derived Langerhans cells, NHEK; Normal human epidermal keratinocytes, NT-4; Neurotrophin-4, PBMC; peripheral 

blood mononuclear cells, RANTES; Regulated upon Activation, Normal T-Cell Expressed and Presumably Secreted, TARC; Thymus and 

activation-regulated chemokine, Th1; T-helper cell 1, Th17; T-helper cell 17, Th2; T-helper cell 2. 

Table 1. The summary of the main types of immunocompetent skin models that involve Langerhans cells, and their 
relevance for skin sensitization research. 

To move closer to the physiological system where the skin is not a single static piece of organs but 

consists of an instant exchange of gases and nutrients as well as the traffic of immune cells via 

blood vessels, the skin-on-chip has been developed (J. J. Kim et al., 2019; Sung & Kim, 2023; 

Wufuer et al., 2016). It is a microfluidic device that integrates living cells and tissues into a 

miniaturized system that simulates the physiological and pathological conditions of a specific organ 

or tissue. There are different types of skin-on-chip, from putting the static skin models on a chip 

with a microfluidic system (Sriram et al., 2018; Tavares et al., 2020) to seeding the cells within the 

chip’s chamber (Mori et al., 2017; Ramadan & Ting, 2016). This has been comprehensively 

reviewed elsewhere (Zoio & Oliva, 2022). One of the biggest advantages of on-chip technology is 

that it provides dynamic movement where it can mimic the flow of blood in the physiological skin 

and the small number of cell counts, which would make high-throughput screening adaptation 

possible. It has also been shown that the skin models cultured with a microfluid system can heal 

wounds faster than the static skin models (Rimal et al., 2021). It is important to note that, to 

properly set up the skin-on-chip, as it is rather a new tool, the cultivation setting often requires 

validation.  

In conclusion, the development of two-dimensional (2D) cell culture, RHS, and skin-on-chip 

technologies represents a significant advancement in dermatological research. Each method has 

its advantages and disadvantages, and the choice of method requires careful consideration of 

physiological relevance and reproducibility. These innovative approaches offer more accurate and 

ethical alternatives to traditional animal testing, providing deeper insights into human skin 

physiology and pathology. As we continue to refine these models, they hold great promise for 
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accelerating the development of effective risk assessment platforms and treatments for skin 

inflammatory diseases. 

1.6   From Hair Follicles to Skin Models 

Hair follicles are complex mini-organs of the skin that extend from the epidermis through the 

dermis to the underlying adipose tissue. Their structure not only supports hair production but 

also houses an array of cell types pivotal for skin biology and regenerative medicine. The follicle 

can be anatomically divided into the root, containing the growth centers, and the shaft, which is 

visible above the skin surface and consists of the cuticle, cortex, and medulla  (Figure 9). Each 

layer plays a specific role in hair protection and structure, making them critical to the overall 

function of the follicle (Martel et al., 2023). 

 

 

 

The hair root is intricately associated with several important structures, including the arrector pili 

muscle and sebaceous glands, which are essential for the hair's response to environmental and 

physiological stimuli. Deep within the hair root, the inner root sheath (IRS) and outer root sheath 

(ORS) envelop the hair shaft, serving pivotal roles in the hair growth cycle. The IRS, which helps 

anchor the hair shaft, consists of specialized cells that contribute to the keratinization process, a 

Figure 9. The microanatomy of hair follicles. Deeply situated within the dermis, hair follicles are depicted. Surrounding 

components, including the sebaceous gland, bulge stem cells, and the arrector pili muscle, are indicated. Additionally, 

the figure details the sublayers of the outer root sheath and inner root sheath enveloping the hair shaft as well as the 

layer within the hair shaft. The illustration is taken from Kiani et al. (Kiani et al., 2018). 
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key mechanism where cells infuse with keratin to form a tough protective barrier hair (Joshi, 

2011). 

The ORS extends from the epidermal basal layer and is fundamental in maintaining the structural 

integrity of the hair follicle. It is composed of epithelial cells that provide not only physical 

support but also participate in molecular signaling pathways that dictate hair growth and cycling. 

This sheath is a critical source of keratinocytes, which are integral to skin barrier functions and 

pathologies (Martino et al., 2021). 

Furthermore, the ORS houses a unique population of stem cells known as hair follicle stem cells 

(HFSC). Located predominantly in the bulge region, these HFSC possess remarkable regenerative 

capabilities, essential for the cyclic renewal of the hair follicle during the hair growth cycle. HFSC 

can differentiate into various cell types, including those found in the IRS and the hair matrix, thus 

playing a crucial role in hair regeneration and skin repair (Joulai Veijouye et al., 2017). 

Adjacent to these structures, the dermal papilla, located at the base of the hair follicle, contains 

mesenchymal cells that interact with HFSC through paracrine signaling. This interaction involves 

the secretion of growth factors such as fibroblast growth factors (FGF) and transforming growth 

factors (TGF-β), which are critical for promoting cell proliferation and differentiation within the 

follicle (Kageyama et al., 2023; le Riche et al., 2019; Taghiabadi et al., 2020). These cells are a 

primary source of fibroblasts, which are essential for producing the extracellular matrix and 

collagen, fundamental for skin tissue engineering and wound healing processes (Kiesewetter et 

al., 1993; Limat et al., 1991; Limat & Hunziker, 1996). 

Due to their easy access and non-invasive harvesting, along with their multipotent properties, 

hair follicles have emerged as an outstanding source for keratinocytes and fibroblasts. 

Furthermore, utilizing hair follicles as a cellular resource paves the way for the autologous 

approach to create RHS or RHE. Furthermore, the limitations associated with the use of cells 

solely from male donors or immortalized female cells such as HaCaT can be overcome. This 

broadens the applicability and relevance of skin models in research and therapeutic applications. 
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CHAPTER 2   AIM OF THE PROJECT 

The primary objective of this research project was to enhance the accuracy and versatility of skin 

sensitization testing by developing a novel immunocompetent skin model, designated as 

“ImmuSkin-MT.” This model aimed to reflect the complexities of human skin immune responses 

than existing methodologies, addressing the scientific, ethical, and economic challenges 

associated more effectively with chemical hazard assessment. 

The project sought to overcome the limitations inherent in traditional skin sensitization assays, 

which predominantly relied on animal testing. Such methods, historically valuable, were 

increasingly viewed as inadequate due to ethical concerns and the evolving precision of in vitro 

techniques. The introduction of ImmuSkin-MT was intended to bridge this gap by enabling a more 

precise differentiation between skin sensitizers and non-sensitizers through a robust and efficient 

testing platform. 

Key innovations of the ImmuSkin-MT included the integration of MoLC and T-lymphocytes, making 

it a more comprehensive model that simulated the immunological intricacies of native human skin. 

By incorporating more than one immune response, the model sought to reflect key events in skin 

sensitization more accurately than existing in vitro models, which often depicted isolated 

immunological events. 

In addressing the urgent need for improved skin sensitization testing, the project also aligned with 

the 3R principle (Replace, Reduce, Refine), promoting methods that reduced reliance on animal 

testing while ensuring scientific rigor. The ultimate goal of the research was to provide a validated 

method that could be adopted in regulatory settings, offering a significant advancement in the 

field of dermatotoxicology safety assessment. 
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CHAPTER 3   RESEARCH DESIGNS, MATERIALS, AND METHODS 

3.1   List of Devices, Reagents, and Plastic Wares 

3.1.1   List of Devices 

Device Model Manufacturer 

Analytical Balance XS205 Mettler Toledo, Columbus, USA 

Analytical Balance AW4202 Sartorious, Göttingen, Germany 

Autoclave V95 Systec GmbH, Linden, Germany 

Cell counter CASY 1 TT Schärfe System GmbH, Reutlingen, 
Germany 

Cell counter NeucleoCounter NC-202™ Chemometec, Allerod, Denmark 

Cell counter cassette Via2 Cassette™ Chemometec, Allerod, Denmark 

Cell incubator HERA cell Thermo Fisher Scientific, Waltham, 
USA 

Cell incubator HERA cell 240  Thermo Fisher Scientific, Waltham, 
USA 

Centrifuge Biofuge fresco Heraeus, Hanau, Germany 

Centrifuge Jouan CR3i Thermo Fisher Scientific, Waltham, 
USA 

Centrifuge Multifuge X3R Heraeus, Hanau, Germany 

Centrifuge Rotilabo® Minizentrifuge Carl Roth GmbH & Co. KG, Karlsruhe, 
Germany 

Centrifuge Megafuge 1.0 R Heraeus, Hanau, Germany 

Centrifuge 5415C Eppendorf, Hamburg, Germany 

CO2 free incubator WTB Binder, Tuttlingen, Germany 

CO2 free incubator Heraeus Heraeus, Hanau, Germany 

CO2 free incubator Incubator Hood TH10 Edmun Bühler, Bodelshausen, 
Germany 

Cryo freezing container Mr. Frosty™ Thermo Fisher Scientific, Waltham, 
USA 

Cryostats Leica CM 1510s Leica Biosystems GmbH, Wetzlar, 
Germany 

Flow Cytometer BD FACS Canto™ II BD Bioscience, Heidelberg, Germany 

Flow Cytometer CytoFLEX Beckman Coulter, Krefeld, USA 

Fluorescence phase contrast 
microscope 

BZ-9000 Keyence GmbH, Neu-Isenburg, 
Germany 

Fluorescence phase contrast 
microscope 

BZ-8000 Keyence GmbH, Neu-Isenburg, 
Germany 

Fluorescence phase contrast 
microscope 

BZ-X800 Keyence GmbH, Neu-Isenburg, 
Germany 

Forceps anatomisch/chirurgisch Carl Roth GmbH & Co. KG, Karlsruhe, 
Germany 

Laminar flow hood HERA safe Heraeus, Hanau, Germany 

Magnetic cell separation MACS MultiStand Miltenyi Biotec GmbH, Bergisch 
Gladbach, Germany 

Magnetic cell separation MidiMACS™ Separator  Miltenyi Biotec GmbH, Bergisch 
Gladbach, Germany 

Magnetic cell separation LS Column Miltenyi Biotec GmbH, Bergisch 
Gladbach, Germany 
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Device Model Manufacturer 

Magnetic stirrer RCT basic IKAMAG™ Safety Control 
Magnetic Stirrer 

IKA®-Werke GmbH & Co. KG, Staufen, 
Germany 

Microcentrifuge 
 

Eppendorf, Hamburg, Germany 

Microplate reader infinite M200 pro Tecan Group Ltd., Männedorf, 
Switzerland 

Microplate reader Infinite M Plex Tecan Group Ltd., Männedorf, 
Switzerland 

Microplate shaker Thermomixer comfort Eppendorf, Hamburg, Germany 

Microplate shaker Titramax 100 Heidolph Instruments, Schwabach 

Microplate shaker MATRIX Orbital IKA®-Werke GmbH & Co. KG, Staufen, 
Germany 

Minicentrifuge Color Sprout Plus Mini Centrifuge Biozyme, Hessisch Oldendorf, Germany 

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

Multipipettes Eppendorf Multipipette E3 Eppendorf AG, Hamburg, Germany 

Phase contrast microscope Eclipse TS100 Nikon Instruments, Düsseldorf, 
Germany 

Phase contrast microscope Axiovert 400 Carl Zeiss NTS Ltd., Jena, Germany 

Pipette helper Eppendorf Easypet Eppendorf AG, Hamburg, Germany 

Pipette helper Pipetus® Hirschmann Laborgeräte, Eberstadt, 
Germany 

Pipettes Eppendorf Research Eppendorf AG, Hamburg, Germany 

Precision balance AW 4202 Sartorius, Göttingen, Germany 

Precision balance BL610 Sartorius, Göttingen, Germany 

Ultra-Low Temperature 
Freezer (-20 °C) 

FN 6192 Gorenje, Velenje, Slovenia 

Ultra-Low Temperature 
Freezer (-20 °C) 

FN 6192 CW Gorenje, Velenje, Slovenia 

Ultra-Low Temperature 
Freezer (-80 °C) 

MDF-U500VX-PE Panasonic, Osaka, Japan 

Ultra-Low Temperature 
Freezer (-80 °C) 

HERA Freeze 400 HFU TV Series Thermo Fisher Scientific, Asheville, USA 

Ultra-Low Temperature 
Freezer (-80 °C) 

HERA Freeze TSX40086V Thermo Fisher Scientific, Asheville, USA 

Vortex Vortex-Genie 2 Scientific Industries, Inc., Bohemia, 
USA 

Water bath GFL 1092 GFL mbH, Burgwedel, Germany 

 

3.1.2   List of Reagents  

Reagent Catalog number Manufacturer 

1M hydroxyethyl-piperazineethane-sulfonic acid 

buffer pH 7.2 (HEPES) 

15630080 Gibco, Waltham, Massachusetts, USA 

7-AAD 75001 Stemcell Technologies, Vancouver, 

Canada 

Accutase® solution A6964-500ML Sigma Aldrich, USA Aldrich, USA 

Adenine A2786 Sigma Aldrich, USA 

Amphotericin B PHR1662-500MG Sigma Aldrich, USA 
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Reagent Catalog number Manufacturer 

Anti-Hu CD1a 14-0019-82 Invitrogen, Carlsbad, USA 

Anti-Hu CD4 317402 Biolegend, San Diego, USA 

Anti-Hu CD86 374202 Biolegend, San Diego, USA 

APC anti-human CD207 (Langerin) Antibody 352206 Biolegend, San Diego, USA 

APC anti-human CD45RA 304112 Biolegend, San Diego, USA 

APC anti-human CD69 Antibody  310910 Biolegend, San Diego, USA 

APC/Cyanine7 anti-human CD4 Antibody 357416 Biolegend, San Diego, USA 

Brilliant Violet 421™ anti-human CD69 Antibody 310930 Biolegend, San Diego, USA 

Brilliant Violet 605™ anti-human CD86 Antibody 374214 Biolegend, San Diego, USA 

Bovine serum albumin A8806-5G Sigma Aldrich, USA 

anti-CD10-APC 312210 Biolegend, San Diego, USA 

anti-CD1a Microbeads, human 130-051-001 Miltenyi Biotech, Bergisch Gladbach, 

Germany 

CD207 (Langerin) Monoclonal Antibody (eBioL31), 

eBioscience™ 

14-2075-82 Invitrogen, Carlsbad, USA 

anti-CD29-FITC 130-123-692 Miltenyi Biotech, Bergisch Gladbach, 

Germany 

anti-CD44-eFluor450 48-0441-82 Invitrogen, Oregon, USA 

anti-CD49f-PE 130-119-767 Miltenyi Biotech, Bergisch Gladbach, 

Germany 

anti-CD90 percp cy5.5 328118 Biolegend, San Diego, USA 

Cells staining buffer 420201 Biolegend, San Diego, USA 

CellTrace™ CFSE Cell Proliferation Kit for flow 

cytometry 

C34570 Invitrogen, Oregon, USA 

Cholera Toxin C8052-5MG Sigma Aldrich, USA 

CK10-PE ab194231 Abcam, Cambridge, UK 

CK14-FITC 130-119-728 Miltenyi Biotech, Bergisch Gladbach, 

Germany 

CK5 ab224984 Abcam, Cambridge, UK 

Claudin 1 Monoclonal antibody 37-4900 Invitrogen, Carlsbad, USA 

Collagen I-PE 130-127-026 Miltenyi Biotech, Bergisch Gladbach, 

Germany 

Collagen IV-PE 130-122-866 Miltenyi Biotech, Bergisch Gladbach, 

Germany 

CytoFLEX Daily QC Fluorospheres B53230 Beckman Coulter, Krefeld, Germany 

DC generation medium C-28053 Promocell, Germany 

DermaCult™ Keratinocyte Expansion Medium 100-0500 Stemcells Technology, Vancouver, 

Canada 

DMEM D6546 Sigma Aldrich, USA 

DMEM High Glucose 11960-044 Gibco, Waltham, Massachusetts, USA 

Diemethyl sulfoxide (DMSO) 4720.1 Carl Roth, Karlsruhe, Germany 

2,4-dinitrochlorobenzene 237329-10G Sigma Aldrich, USA 

Dulbecco′s Phosphate-Buffered Saline (DPBS) D8537 Sigma Aldrich, USA 

Ethylenediaminetetraacetic acid (EDTA) E6511-500g Sigma Aldrich, Spain 

Eosin G-Lösung 0.5% wasserig X883.2 Roth, Karlsruhe, Germany 

Epidermal Growth Factor E9644 Sigma Aldrich, USA 

F-12 Ham Nut Mix+GlutaMax™ 31765-027 Gibco, Waltham, Massachusetts, USA 

Fetal Bovine Serum, superior S0615 Sigma Aldrich, USA 

FITC anti-human CD197 (CCR7) Antibody 353216 Biolegend, San Diego, USA 

FITC anti-human CD1a Antibody 300104 Biolegend, San Diego, USA 
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Reagent Catalog number Manufacturer 

FSC 22 Frozen Section Compound  3801480 Leica Biosystem, Richmond, Illinois, 

USA 

Glycerol 3783.1 Sigma Aldrich, USA 

Goat anti-Mouse IgG (H+L), Alexa Fluor™ 555  A28180 Thermofischer, USA 

Goat Anti-Mouse IgG H&L Alexa Fluor® 488  ab150113 Abcam, Cambridge, UK 

Goat Anti-Mouse IgG H&L Alexa Fluor® 647  ab150115 Abcam, Cambridge, UK 

Hemalum solution, according to Mayer T865.2 Roth, Karlsruhe, Germany 

Human GM-CSF, premium grade 130-093-866 Miltenyi Biotech, Bergisch Gladbach, 

Germany 

Human IL-1β, premium grade 130-093-563 Miltenyi Biotech, Bergisch Gladbach, 

Germany  

Human IL-4, premium grade 130-093-921 Miltenyi Biotech, Bergisch Gladbach, 

Germany 

Human TGF-β1, premium grade 130-095-066 Miltenyi Biotech, Bergisch Gladbach, 

Germany  

Human TNF-α, premium grade 130-094-023 Miltenyi Biotech, Bergisch Gladbach, 

Germany 

Hydrocortisone H0888 Sigma Aldrich, USA 

ImmunoCult™  1000023381 Stemcells Technology, Vancouver, 

Canada 

Insulin 11376497001 Roche, Basel, Switzerland 

Isoeugenol 1909602 Sigma Aldrich, USA  

KGM-2 C20211 Promocell, Germany 

L-Glutamine G7513 Sigma Aldrich, USA 

Liothyronine T2877 Sigma Aldrich, USA 

Loricrin ab198994 Abcam, Cambridge, UK 

Lymphoprep 1114545 Stemcells Technology, Oslo, Norway 

MACS® BSA Stock Solution 130-091-376 Miltenyi Biotech, Bergisch Gladbach, 

Germany 

Naïve CD4 T-cells isolation kit, Human II 130-094-131 Miltenyi Biotech, Bergisch Gladbach, 

Germany  

Normal Goat Serum 31873 Invitrogen, Oregon, USA 

PE anti-human CD25 Antibody 356104 Biolegend, San Diego, USA 

Penicillin/Streptomycin P4333 Sigma Aldrich, USA  

Poly-D-Lysine hydrobromide  P6407-5MG Sigma Aldrich, USA 

P-phenyldiamine P601-50g Sigma Aldrich, China 

ProLong™ Gold mounting medium with DAPI P36931 Invitrogen, Oregon, USA 

PureCol EZ Gel 5074 Merck, Burlington, MA, USA 

Recombinant APC Anti-Involucrin antibody ab305923 Abcam, Cambridge, UK 

Resorcinol 398047-100G Sigma Aldrich, India 

Roti-Histol Fix 4% P087.3 Roth, Karlsruhe, Germany 

Roti Histokitt 6638.2 Carls Roth, Karlsruhe, Germany 

Roti® Histol 6640.2 Roth, Karlsruhe, Germany 

RPMI1640 +GlutaMax™ 61870-010 Gibco, Waltham, Massachusetts, USA 

Triton™ X-100 X100-500mL Sigma Aldrich, USA 

TrypLE 12563-029 Life Technologies Corporation, NY, USA 

Trypsin-EDTA T3924 Sigma Aldrich, USA 

Tween®-20 655205-250ML Merck, Burlington, MA, USA 

UltraComp beads 01-2222-42 Invitrogen, Carlsbad, USA 
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Reagent Catalog number Manufacturer 

Vimentin-FITC 130-116-508 Milteyi Biotech, Bergisch Gladbach, 

Germany 

 

3.1.3   List of Plastic Wares and Other Materials 

Plasticware and material Catalog number Manufacturer 

0.4 µM cell culture insert 353180 Corning Corporate, Durham, USA 

1000 µL Filter Tips 70.762.211 Sarstedt, Nümbrecht, Germany 

100 µL Filter Tips 70.760.212 Sarstedt, Nümbrecht, Germany 

10mL Falcon tube 62.547.254 Sarstedt, Nümbrecht, Germany 

12-well plate TC treated 3526 Costar, Durham, USA 

20uL Filter Tips 70.1116.210 Sarstedt, Nümbrecht, Germany 

24-well plate TC treated 3526 Costar, Durham, USA 

300uL Filter Tips 70.765.210 Sarstedt, Nümbrecht, Germany 

50mL Falcon tube 62.554.502 Sarstedt, Nümbrecht, Germany 

50mL Leucosep 200.35 Greiner BioOne, Germany 

8 µM cell culture insert 353182 Corning Corporate, Durham, USA 

96-well plate 
 

Costar, Durham, USA 

AESCULAP ® SAFETY SCALPELS BA818SU Aesculap AG, Tuttlingen, Germany 

Cover Slips L22x W50mm 1001142 Paul Marienfeld GmbH & Co.KG, 

Lauda-Königshofen, Germany 

Cryomold onetime used E62352-15 Electron Microscopy Sciences, 

Hatfield, PA, USA 

Cryovials 10-500-26 Fisher Scientific, Hennigsdorf, 

Germany 

Falcon 12 well plate 353503 Corning Corporate, Durham, USA 

Falcon® 5 mL Round Bottom Polystyrene Test Tube, 

with Cell Strainer Snap Cap, 25/Pack, 500/Case 

352235 Corning Science, Tamaulipas, Mexico 

Low-Profile Disposable Blades 819 14035838925 Leica Biosystemm, Nußloch, germany 

Nunc™ Lab-Tek™ Chamber Slide System  177380 Thermofischer Scientific, Waltham, 

USA 

PolysineTM Adhesion Microscope Slides J2800AMNZ Epredia, Portsmouth, NH 

Mr. Frosty Freezing container 5100-0001 Thermofisher Scientific, Waltham, 

USA 

T150 Cells culture flask  90150 Sarstedt, Nümbrecht, Germany 

T25 Cells culture flask 90026 Sarstedt, Nümbrecht, Germany 

T75 Cells culture flask 83.3911.002 Sarstedt, Nümbrecht, Germany 
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3.2   Research Techniques 

3.2.1   Flow Cytometry 

At least 1x105 cells were collected into a round bottom tube and subjected to centrifugation at 

specified speeds (350xg for 3 min for fibroblasts, 200xg for 5 min for keratinocytes, and 300xg for 

10 min for immune cells). The resulting cell pellet was resuspended in 2 mL of cell staining buffer 

and underwent another centrifugation step. Post-centrifugation, the supernatant was promptly 

discarded to minimize loss. The cell pellet was then resuspended in a staining cocktail or cell 

staining buffer. For compensation, a drop of UltraComp Bead was added to separate round bottom 

tubes, followed by the addition of a single antibody as per the manufacturer’s recommendation. 

Only one antibody per tube was used in the compensation bead tube. Unstained cells served as 

controls for cellular autofluorescence, with only 200 µL of staining buffer added to the unstained 

cell tube. The staining cocktail or antibody, with a final volume of 200 µL per tube and a final 

antibody concentration of 2.5 mg/mL, was employed for cell staining. Cells were incubated with 

the staining cocktail, antibody, or cell staining buffer for 30 minutes on ice in the absence of light. 

Following incubation, 1 mL of cell staining buffer was added to the tubes, and the cells underwent 

centrifugation to remove excess antibodies. The supernatant was discarded, and the cells were 

resuspended in 300 µL of cell staining buffer. Median fluorescence intensity (MFI) and cell 

frequency were measured with FACS Canto™ II or CytoFLEX and analyzed utilizing FlowJo version 

10.8.01 software. The compensation was calculated based on the compensation beads. Cells not 

expressing any marker (signal-negative cells) were gated based on the unstained cells. 

3.2.2   Immunofluorescence (IF) Staining  

The cells or tissue sections on a glass slide were fixed with 4% Roti-Histol Fix at room temperature 

for 10 minutes and washed once with phosphate-buffered saline (PBS) for 5 minutes. 

Subsequently, permeabilization was achieved with 0.5% Triton X-100 for 15 minutes, followed by 

a 5-minute PBS wash and a 10-minute PBS/BSA/Tween wash. PBS/BSA/Tween was prepared by 

adding 10% bovine serum albumin (BSA) and 10% Tween20 into PBS. The slide was treated with 

5% goat serum for 30 minutes to reduce nonspecific protein binding. 100% goat serum was 

prepared by dissolving normal goat serum in 2 mL ddH2O. It was then incubated with the primary 

antibody overnight at 4°C in darkness, following the manufacturer’s recommended dilution. After 

primary antibody incubation, the slide underwent three 10-minute washes with PBS/BSA/Tween. 

If a secondary antibody was needed, it was prepared with PBS/BSA/Tween per the manufacturer’s 

instructions. The slide was then incubated with the secondary antibody in the dark at room 

temperature for 1 hour, followed by repeated PBS/BSA/Tween washing steps. The slide was 
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washed twice with PBS for 5 minutes each and briefly rinsed with ddH2O for about 30 seconds to 

remove any BSA residue. The chamber was detached, and the slide was air-dried in darkness. Two 

drops of ProLong™ Gold mounting medium with 4′,6-diamidino-2-phenylindole (DAPI) were added 

to each slide, covered with a glass coverslip, and left to allow the mounting medium to harden for 

microscopy analysis. For long-term storage, slides can be kept at 4°C in darkness. Image 

observation and capture were performed using the BZx800 fluorescence microscope. 

3.2.3   Hematoxylin and Eosin Staining (H&E) 

The PolysineTM adhesion microscope slide with cells or tissue sections was fixed in 4% Roti-Histofix 

for 5 minutes at room temperature. Coplin jars were prepared following Figure 10. The slide was 

then placed in a staining rack and immersed in ddH2O for 30 seconds. Subsequently, the slide rack 

was placed in an acidic Hemalum solution according to Mayer for 5 minutes with gentle agitation. 

After this step, the slide rack was rinsed under running tap water for 5 minutes. The slide rack was 

transferred to a Coplin jar containing Eosin working solution for 30 seconds with agitation. The 

Eosin working solution was prepared by adding one drop of glacial acid to 100 mL of the Eosin Y 

solution 0.5% in water. Dehydration was achieved by immersing the slide in 96% Ethanol for 2 

minutes, repeated twice, and then in 100% Ethanol for 2 minutes, also repeated twice. Finally, the 

slide rack was placed in a clearing agent, Roti®-Histol, for 2 minutes, which was repeated twice. 

After removal from the slide rack, the slide was air-dried before mounting with Roti®-Histokitt 

mounting medium and covered with a glass coverslip. For long-term storage, slides can be stored 

at 4°C. Image observation and capture were performed using the BZx800 fluorescence microscope.  

 

ddH2O
Haematoxilin 

following mayer 
Running tap 

water
Eosin Y solution 
0.5% in water

96% Ethanol 96% Ethanol 100% Ethanol 100% Ethanol

Roti-Histol Roti-Histol

Figure 10. The list of Coplin jars required for the hematoxylin and eosin staining. 
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3.2.4   3- (4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) Assay 

The MTT stock solution, consisting of 5 mg of MTT in Dulbecco’s phosphate-buffered saline (DPBS) 

was prepared and stored at -20°C. The stock solution was thawed at room temperature prior to 

the experiment. The stock solution was then diluted with cell culture medium at 1:10 (MTT stock 

solution to medium) and warmed to 37°C. Cells had their culture medium aspirated and were 

washed thrice with suitable DPBS volume for the cell culture vessel. The MTT-medium mixture, 

equivalent in volume to regular cell culture medium, was added to the cells. A background control, 

consisting of the MTT-medium mixture without cells, was also prepared. The cells were incubated 

with the MTT-medium mixture for 3 hours at 37°C in a 5% CO2 incubator. Following incubation, the 

MTT-medium mixture was aspirated, and 250 µL of dimethyl sulfoxide (DMSO) was added to each 

well. Covered with aluminium foil, the cell culture vessel was shaken at 600 rpm for 5 minutes 

using a plate shaker. A plate reader measured absorption at wavelengths of 630 nm and 570 nm. 

Results were obtained by subtracting the optical density (OD) at 570 nm from the OD at 630 nm, 

with the background control value subtracted as well. A background control is the cell culture 

medium without cells. A higher value indicates greater metabolic activity in the cells. 

3.2.5   Frozen Section Procedure 

RHS were cut out together with the insert membrane and embedded in a cryomold containing a 

frozen section compound. Afterward, the cryomold was floated over liquid nitrogen to freeze the 

RHS from either hair follicle-derived cells (RHS-HFD) or foreskin-derived cells (RHS-FD). The frozen 

cryomold was wrapped in aluminium foil and stored at -80°C. To start the cryosectioning, the 

frozen tissue was placed in the -20°C cryostat for at least 30 minutes. Then cryostat was set up by 

placing the frozen tissue on a stand in the cryostat. The tissue was section at 7 µm thickness. The 

sectioned tissue was transferred onto a PolysineTM adhesion microscope slide, and the slide was 

stored at - 20°C to prevent the denaturation of the tissue.  

3.3   Preparation of Biological Samples 

3.3.1   Juvenile Foreskin-derived Cells 

3.3.1.1  Normal Human Epidermal Keratinocyte (NHEK)  

All cell culture procedures were performed under sterile conditions using a laminar airflow sterile 

bench. A seeding density of 0.5-1x106 viable cells per T75 flask, using 12mL of keratinocyte growth 

medium (KGM-2), resulting in a cell density of 0.7-1.3 x 104 cells/cm2, was utilized. The medium 

was replaced after allowing the cells to adhere for at least 6 hours. The medium replacement was 

accomplished by first completely aspirating the old medium and non-adherent cells. Subsequently, 
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the flask was washed thrice with 10 mL of DPBS to remove any remaining residues thoroughly. 

Fresh medium was then added to the flask. This medium replacement procedure should be 

repeated every other day. The cell proliferation rate was calculated using the following formula: 

𝐶𝑒𝑙𝑙 𝑝𝑟𝑜𝑙𝑖𝑓𝑒𝑟𝑎𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 =
𝐻𝑎𝑟𝑣𝑒𝑠𝑡𝑒𝑑 𝑐𝑒𝑙𝑙𝑠 − 𝑆𝑒𝑒𝑑𝑒𝑑 𝑐𝑒𝑙𝑙𝑠

𝑐𝑢𝑙𝑡𝑖𝑣𝑎𝑡𝑖𝑜𝑛 𝑑𝑎𝑦𝑠
 

The population doubling rate (hours) was calculated using the following formulas: 

𝐺𝑟𝑜𝑤𝑡ℎ 𝑟𝑎𝑡𝑒 𝑝𝑒𝑟 𝑑𝑎𝑦 =
ln (

ℎ𝑎𝑟𝑣𝑒𝑠𝑡𝑒𝑑 𝑐𝑒𝑙𝑙𝑠
𝑠𝑒𝑒𝑑𝑒𝑑 𝑐𝑒𝑙𝑙𝑠

)

𝑐𝑢𝑙𝑡𝑖𝑣𝑎𝑡𝑖𝑜𝑛 𝑡𝑖𝑚𝑒
∗ 24ℎ 

𝑃𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝐷𝑜𝑢𝑏𝑙𝑖𝑛𝑔 𝑡𝑖𝑚𝑒 =
ln(2)

𝑔𝑟𝑜𝑤𝑡ℎ 𝑟𝑎𝑡𝑒 𝑝𝑒𝑟 𝑑𝑎𝑦
∗ 24 

 

3.3.1.2  Normal Human Dermal Fibroblast (NHDF) 

A population of 0.5-1x106 viable cells was resuspended in a fibroblast growth medium (FGM) and 

introduced into a T75 flask. FGM consisted of Dulbecco’s Modified Eagle Medium - high glucose 

(DMEM), 10% Fetal Bovine Serum, Superior (FBS), and 1% L-glutamine. After an initial adherence 

period of at least 6 hours, the supernatant was removed entirely. The flask was washed three times 

with 10 mL of DPBS, discarding the supernatant each time. Subsequently, 12 mL of fresh FGM was 

added to the flask. The medium replacement was carried out every other day to support cell 

growth and maintenance.  

3.3.2   Hair Follicle-derived Cells 

Hair follicles were collected from anonymous, genetically male, and genetically female donors. All 

the donors are between 25 and 35 years old at the time of hair follicle collection. The method used 

to collect the hair follicles and outgrowth of the hair follicles was done according to A. Löwa (Limat 

& Hunziker, 1996; Löwa et al., 2018).  

3.3.2.1  Preparation of the Feeder Cells and Transwell® Plate 

The feeder cells were prepared by treating 3T3-J2 cells with 4 μg/ml of mitomycin C in the FGM. 

The cells were incubated for four hours in a 37°C with 5% CO2 cell incubator. The medium was 

aspirated, and the cells were washed five times with DPBS. The cells were trypsinized and 

transferred into a cryovial and stored in liquid nitrogen. A Transwell® 6-well plate with 0.4 µM 

polyester membrane inserts was prepped by coating it with 200 µL of a 0.1 mg/mL Poly-D-Lysine 
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hydrobromide solution followed by a 30-minute incubation at room temperature. The solution was 

then aspirated from the Transwell® inserts, and the wells received a rinse with sterile tissue 

culture-grade water. Subsequently, the Transwell® plate was left to air-dry for at least two hours. 

Once the Transwell® plate was completely dry, the inserts were removed and placed upside down 

in a sterile container. Feeder cells were thawed, resuspended in 3T3 Medium, and seeded onto 

the inverted inserts at a 1.5x105 cells/mL density. 3T3 medium was prepared with DMEM, 10% 

FBS, 10,000 IE/mL Penicillin/Streptomycin, and 4 mM L-Glutamine. These inserts containing feeder 

cells were then incubated in a 37°C 5% CO2 incubator for a minimum of 3 hours, allowing ample 

time for the feeder cells to adhere. Following the adherence period, the liquid in the inserts was 

carefully aspirated. The inserts were placed back into the Transwell® plate, and 2mL of 3T3 medium 

was added to each well. The entire Transwell® plate was then subjected to an overnight incubation 

in a 37°C 5% CO2 incubator. After the overnight incubation, the liquid within the wells and the 

inserts were aspirated. The inserts and wells subsequently underwent a thorough rinse with 2mL 

of DPBS. Finally, the wells were filled with ORS medium (ORM+). ORM+ medium contained DMEM, 

21.5% Ham’s F12 Nut mix + GlutaMax™, 10% FBS, 10,00 IE/mL penicillin/streptomycin, 0.4 µg/mL 

hydrocortisone, 10-10 M Cholera toxin, 10 ng/mL epidermal growth factor (EGF), 5µg/mL insulin, 

0.18 mM adenine, 4mM L-glutamine, and 2nM liothyronine. 

3.3.2.2  Cultivation of Hair Follicles 

Ten hair follicles, plucked from the back of the head of a donor using sterile forceps, were carefully 

transferred into one 2mL vial containing transport medium. The transport medium consisted of 

DMEM, 10,000 IE/mL penicillin/streptomycin, and 250µg/mL amphotericin. It is important to note 

that collectible hair follicles should exhibit an observable dermal sheath, initially appearing as a 

white sheath encasing the base of the hair strand. Eight 5cm2 Petri dishes were prepared for 

subsequent steps. Four to five ml of rinsing medium were added to six Petri dishes, and another 

Petri dish was filled with 5 mL of DPBS, while an additional one received 5 mL of ORM+ Medium. 

The rinsing medium consisted of DMEM, 10,000 IE penicillin/streptomycin, 250µg/mL 

amphotericin, and 1M hydroxyethyl-piperazine ethane-sulfonic acid buffer pH 7.2 (HEPES). The 

hair follicles were then transferred into one of the Petri dishes filled with rinsing medium. Excess 

hair shafts were meticulously trimmed from each follicle, leaving only the portion enveloped by 

the white dermal sheath. A sequence of rinses was performed for each hair follicle by transferring 

them from one Petri dish to the other, including six rinses with rinsing medium followed by a single 

rinse with DPBS. Finally, the hair follicles were collected in the Petri dish containing ORM+. 1.8mL 

of ORM+ was added into the well. Subsequently, the hair follicles were carefully transferred onto 

the inserts. It is recommended to place ten hair follicles per insert to ensure proper 
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experimentation conditions. To prevent the hair follicles from drying out, a 10 µL drop of ORM+ 

was applied to the dermal sheath of each hair follicle.  

3.3.2.3  The Outgrowth of Hair Follicle-derived cells 

Twenty-four hours after the hair follicles were placed onto the inserts, the 200 µl ORM+ Medium 

was added on to each insert carefully. The hair follicles that do not comply with the insert 

membrane will not yield any HFDF or HFDK. The first medium replacement was performed one 

week after this step. Then, the medium replacement was performed every 3 days. The cells were 

harvested after 2-3 weeks of letting the HFDF and HFDK outgrow the hair follicles.  

3.3.2.4  Harvesting and Cultivation of Cells from Hair Follicles 

3.3.2.4.1 Hair Follicle-derived Fibroblast  

The medium within the inserts and wells was discarded. Subsequently, the inserts underwent a 

rinse with 1mL of PBS, and the wells were rinsed with 2 mL of DPBS twice. The rinsed inserts were 

then transferred to a Petri dish, where 1mL of Trypsin-EDTA or TrypLE was added to each insert. 

These inserts were incubated in a 37°C 5% CO2 incubator for a 5-minute duration. During this 

incubation period, fibroblasts and several keratinocytes were expected to detach. A 50 mL tube 

containing 5-10 mL of FGM was prepared. Following the 5-minute incubation period, the 

supernatant from the inserts was collected into the tube filled with FGM. To ensure comprehensive 

cell collection, 1 mL of DPBS was added to the inserts, and efforts were made to flush the cells 2-

3 times, with each rinse’s supernatant collected into the same tube. Once again, 1mL of Trypsin-

EDTA or TrypLE was added to the same inserts to collect any remaining cells. The collected cells 

underwent centrifugation at 470xg for 3 minutes at room temperature. Subsequently, the 

supernatant was aspirated, and the cell pellets were resuspended in 10 mL of DPBS. Another 

centrifugation step at 470xg for 3 minutes followed, with the supernatant again being aspirated. 

The cells were resuspended in 5mL of FGM and seeded into a T25 cell culture flask. The first 

medium replacement was conducted at least 6 hours after the seeding step, and subsequent 

medium replacements were performed every 2-3 days. For long-term storage, the cells were 

frozen and stored in a liquid nitrogen tank (see below for a detailed freezing method). 

Before experiments, the cells were thawed and expanded in FGM on collagen-coated flasks up to 

passage 5. To prepare the collagen solution, refer to the provided table. The collagen used to coat 

flasks was PureCol EZ Gel. The collagen-coated flasks were left at room temperature overnight for 

the collagen to solidify before being stored at 4°C for up to 1 week. The lids were securely sealed 

and wrapped with parafilm to maintain flask sterility. 
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Cell culture 

vessel 

Cell growth area 

(cm2) 

Collagen solution 

(mL) 

Sterile filtered 

ddH2O 

(mL) 

PureCol EZ Gel*  

(µL) 

T25 25  2 1.998 20 

T75 75  6 5.94 60  

T150 150  12  11.88 120 

* Concentration of the stock solution is 5 mg/mL 

Table 2. The amount of sterile filtered ddH2O and PureCol EZ Gel required to prepare collagen solution. The volume 

of the collagen solution corresponds to 80 µL of the collagen solution for cell culture flask coating per 1 cm2 of cell 

culture area. 

3.3.2.4.2 Hair Follicle-derived Keratinocyte  

Once the fibroblasts were collected and 1mL of Trypsin-EDTA or TrypLE was added to the inserts, 

they were incubated in a 37°C 5% CO2 incubator for another 10 minutes. Meanwhile, a 50 mL tube 

containing 10 mL of FGM was prepared for cell collection. To ensure thorough cell retrieval, 1 mL 

of PBS was added to the inserts to flush out any remaining cells. In cases where cells persisted, 

another 1 mL of Trypsin-EDTA or TrypLE was introduced into the inserts. Following this step, the 

inserts were incubated in a 37°C 5% CO2 incubator for an additional 5-10 minutes. Subsequently, 

the cells from one donor were collected into the same tube. 2mL of serum-containing medium 

was added to stop the reaction, and the cell suspension was collected into the same tube. A further 

rinse with 1mL of PBS was performed on the inserts to ensure comprehensive cell retrieval, and 

the cell suspension was again collected into the same tube. The cell suspension underwent 

centrifugation at 250xg for 5 minutes at rt. Afterward, the supernatant was discarded, and the cells 

were resuspended in 10 mL of DPBS. Cell counting was conducted, followed by another 

centrifugation at 250xg for 5 minutes. The supernatant was discarded, and the cells were 

resuspended in 10 mL of KGM-2 before being seeded into a T75 cell culture flask. The first medium 

replacement was performed after at least 6 hours of the seeding step, and subsequent medium 

replacements occurred every 2-3 days until confluency reached 60-70%. The cells were then 

harvested and frozen in liquid nitrogen after approximately one week of cultivation (see below for 

a detailed freezing method). Subsequently, the cells were thawed and expanded in DermaCult™ 

keratinocyte expansion medium on collagen-coated flasks for up to 8 passages, following the 

previously mentioned method for preparing collagen-coated flasks. The cell proliferation rate was 

calculated using the formula presented above.  
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3.3.2.5  The Freezing of Hair Follicle-derived Cells for Long-term Storage 

3.3.2.5.3 Hair Follicle-derived Fibroblast  

The supernatant was aspirated from the cells’ culture flask, and the cells were washed with 10 mL 

DPBS 3 times. 1mL Trypsin-EDTA or TrypLE was added into the flask, and the cells were then 

incubated in the incubator with the lid screw closed tightly. After 5 minutes, light tapping against 

the flask helped to detach the cells. 3.6 mL FGM were added to stop the activity. The cells were 

resuspended and transferred to a 50 mL tube. The cells were centrifuged at 470xg for 3 minutes 

at room temperature. The supernatant was aspirated without disturbing the cell pellet. Then, the 

cells were resuspended in DPBS and centrifuged at 470xg for 3 minutes at room temperature. 

HFDF freezing medium was prepared and kept cold and away from the light. The HFDF freezing 

medium is composed of 80% FGM, 10% FBS, and 10% DMSO. After centrifugation, the supernatant 

was aspirated, and the cells were resuspended in an HFDF freezing medium. 1mL of 0.5-2x106 

cells/mL cell suspension in the freezing medium was added into a cryovial. The cryovials were 

placed in the prechilled Mr. Frosty freezing container before putting the whole container into a -

80°C freezer overnight. The vials were stored in liquid nitrogen for long-term storage. 

3.3.2.5.4 Hair Follicle-derived Keratinocyte 

Accutase® solution was thawed at room temperature before use. The medium was aspirated from 

the cells’ culture flask, and the cells were washed with 10 mL PBS 3 times. 5-10 mL Accutase® 

solution (depending on cell confluence) or TrypLE was added into the flask and the cells incubated 

for 30 minutes at room temperature. Afterward, light tapping against the flask helped to detach 

the cells. Cell suspension was collected into 50 mL tubes. The 10 mL DPBS was added into the 

flasks, and the cell suspension was collected in the same tube. Afterward, the cell suspension was 

centrifuged at 250xg for 5 minutes at room temperature. The supernatant was aspirated, and the 

cells were resuspended in 10 mL DPBS and counted. The HFDK freezing medium was prepared and 

kept away from light on ice. The HFDK freezing medium is made up of 90% KGM-2 and 10% DMSO. 

The cells were then resuspended in the freezing medium and transferred into the cryovial. 1mL of 

0.5-2x106 cells/mL cell suspension in the freezing medium was added into a cryovial. The cryovials 

were placed in the prechilled freezing container before putting the whole container into a -80°C 

Freezer overnight. The vial was stored in liquid nitrogen for long-term storage. 

3.3.3   Immune Cells 

Immune cells were prepared either from the whole blood hair follicles donor or from the buffy 

coat obtained from Deutsches Rotes Kreuz Nord-Ost (DRK). The age and sex of buffy coat donors 
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are unknown. The immune cells are prepared according to a standard operating procedure 

established in the working group (see below).  

3.3.3.1  MoLC 

The buffy coat, sourced from DRK, or whole blood from hair follicle donors, underwent a 1:2 

dilution with PBS-EDTA. PBS-EDTA was prepared by adding 516.4 mg/L of 

ethylenediaminetetraacetic acid into 500 mL DPBS. Subsequently, 30 mL of the diluted buffy coat 

was gently layered onto 15 mL of Lymphoprep™ in 50 mL tubes and centrifuged at 400xg for 45 

minutes at 20°C with a break-off period. Post-centrifugation, the distinct layers of plasma, 

peripheral blood mononuclear cells (PBMC), additional plasma, platelets, and erythrocytes, were 

observed. The upper 15 mL of the plasma layer was aspirated, and PBMCs were collected into a 

new tube containing 10 mL of PBS-EDTA. The PBMC tube was filled with PBS-EDTA up to 50 mL and 

centrifuged at 300xg for 10 minutes at room temperature. The supernatant was then aspirated. 

PBMC pellets were resuspended in 50 mL of cold PBS-EDTA and centrifuged at 200xg for 15 

minutes at 4°C. Cell counting utilized CASY cell counter or NucleoCounter® NC-202™. 

Approximately 150–200 x106 PBMCs were resuspended in a DC generation medium and plated in 

a T75 flask for 90 minutes. Non-adherent cells were either discarded or retained for naïve CD4+ T-

lymphocyte isolation. The medium in the T75 flask was replaced with a DC generation medium 

supplemented with 20 ng/mL TGF-β1, 20 ng/mL IL-4, and 100 ng/mL GM-CSF. IL-4 was added only 

on day 0. Half of the medium was replaced every three days during the six-day culture. The fresh 

supplemented medium was prepared shortly before the medium changed. Post-culture CD1a 

microbeads and human cells facilitated the selective isolation of CD1a+ MoLC from the general 

MoLC population. CD1a+ cell isolation followed the standard protocol by Miltenyi Biotech. Briefly, 

cells were washed thrice with PBS-EDTA, pooled, and centrifuged at 300xg for 10 minutes at 4°C. 

Cell counting was performed using NucleoCounter™. Magnetic activated cell sorting (MACS) 

buffer, comprising 0.5% MACS BSA stock solution in PBS-EDTA, was prepared. The supernatant was 

discarded, and the cell pellet was resuspended in MACS Buffer at a concentration of 80 µL per 107 

total cells. Then, 20 µL of CD1a Microbeads per 107 cells were added, and the cell suspension was 

incubated with the magnetic beads for 15 minutes in a refrigerator. After incubation, the cells were 

resuspended in 1-2 mL of MACS Buffer per 107 cells and centrifuged at 300xg for 10 minutes. The 

resulting cell pellet was resuspended in 500 µL of MACS Buffer per 108 cells and added to an LS 

magnetic column. Only CD1a+ cells passed through, while other cells were discarded. The LS 

column was washed thrice with 3 mL of MACS Buffer. The cells that passed through were also 

discarded. Subsequently, 5 mL of MACS Buffer was added to the column, and CD1a+ cells were 

released from the LS column using a provided plunger. The cells were then centrifuged at 300xg 
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for 10 minutes at 4°C, and the supernatant was completely aspirated. The MoLC were then ready 

for the experiment. 

3.3.3.2  Naïve CD4+ T-lymphocytes  

PBMCs were isolated as previously described. A total of 100 – 200 x106 PBMCs were utilized to 

isolate naïve CD4+ T-lymphocytes using the Naïve CD4+ T-cells Isolation Kit Human II. The isolation 

procedure adhered to the guidelines outlined in the manufacturer manual. In summary, 107 cells 

were resuspended in 40 µL of MACS Buffer after determining the cell count. Subsequently, 10 µL 

of Naïve CD4+ T-cell Biotin-Antibody Cocktail II per 107 cells were introduced into the cell 

suspension. This mixture was incubated at 4°C in darkness for 5 minutes. Following this, 30 µL of 

MACS Buffer per 107 cells was added, and the cell suspension was labeled with 20 µL of Naïve CD4+ 

T-cell MicroBead Cocktail II per 107 cells, selectively targeting cells other than CD45RA+CCR7+ cells. 

The cell suspension was again incubated in darkness for 10 minutes at 4°C. The labeled cell 

suspension was introduced into an LS magnetic column, where only CD45RA+CCR7+ cells passed 

through, while other cells were retained within the magnetic column. Subsequently, freshly 

isolated CD4+ Naïve T-lymphocytes were washed once with PBS-EDTA. These cells were then 

utilized in ongoing experiments. 

3.3.3.3  Immune Cell Characterization Using Flow Cytometry 

A minimum of 105 CD4+ naïve T-cells or MoLC were collected into a round bottom tube. 

Subsequently, the cells underwent washing and staining procedures as outlined in the research 

technique section. For each type of cell, a distinct marker cocktail was prepared, tailored to the 

specific requirements of the experiment. The results were measured utilizing either FACS Canto™ 

II or CytoFLEX, and subsequent analysis involved the utilization of FlowJo v10 software. Initially, 

immune cells were gated based on the dot plot of forward scatter (FSC) vs. side scatter (SSC) to 

eliminate debris from consideration. Following this, immune cells were further gated using their 

characterization markers, which included CD4-APC-Cy7 for T-lymphocytes and CD1a-FITC for 

MoLC. To ensure the exclusion of non-viable cells, gating was performed exclusively for cells that 

were not positive for 7-AAD. Subsequently, the expression of phenotype markers and activation 

markers was assessed. This comprehensive approach allowed for the precise characterization and 

analysis of immune cell populations. 



43 
 

3.4   Experiment Designs 

3.4.1   Characterization of Foreskin-derived and Hair Follicle-derived Cells 

3.4.1.1  Immunofluorescence staining 

HFDK, HFDF, NHEK, and NHDF were isolated and cultivated as previously described. 104 HFDK, 

HFDF, NHEK, or NHDF were seeded onto a chamber slide for 24 hours. Afterward, the medium was 

aspirated completely, and the slide was washed with 1mL DPBS thrice. Then, the staining 

procedure was done as previously described in the research technique section. The primary 

antibody was diluted according to the manufacturer’s suggestion. Keratinocytes were incubated 

with CK10-PE and CK14-FITC. Fibroblasts were incubated with Vimentin-FITC and Collagen I-PE, or 

Collagen-VI-PE. The corrected total cell fluorescence (CTCF) was calculated using the following 

formular. The integrated density of the background and the cells were measured using ImageJ.  

𝐶𝑇𝐶𝐹 =

 𝐼𝑛𝑡𝑒𝑔𝑟𝑎𝑡𝑒𝑑 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑡ℎ𝑒 𝑐𝑒𝑙𝑙𝑠 – (𝐴𝑟𝑒𝑎 𝑜𝑓 𝑠𝑒𝑙𝑒𝑐𝑡𝑒𝑑 𝑐𝑒𝑙𝑙 𝑋 𝑀𝑒𝑎𝑛 𝐼𝑛𝑡𝑒𝑔𝑟𝑎𝑡𝑒𝑑 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑)  

3.4.1.2  Flow Cytometry 

1x106 HFDK, HFDF, NHEK, or NHDF were collected into a round bottom tube. Then, the cells were 

washed and prepared as previously mentioned. Keratinocytes were stained with a cocktail of anti-

cytokeratin 5 (CK5)-PE, anti-CD29-FITC, and anti-CD49f-PE. Fibroblasts were stained with a cocktail 

of anti-CD10-APC, anti-CD44-eFluor450, and anti-CD90-PerCP-Cyanine 5.5. The results were 

measured with CytoFLEX and analyzed with FlowJo V10. 

 

3.4.2   Cultivation Methods for HFDK 

HFDK or NHEK at passage 2 were cultivated in either DermaCult™ or KGM-2 after seven days of 

cultivation. The microscopic pictures of the cells were taken at x100 magnification. The cells were 

subcultured every five days up until passage 5. The cell number and the cell viability were accessed 

by the NeuCleoCounter 202 ™.  

3.4.3   Culture Conditions of Naïve CD4+ T-lymphocytes 

3.4.3.1  Time-Course Experiment 

A total of 1x106 CD4+ naïve T-lymphocytes were isolated and subsequently cultured in 6-well plates 

using 2mL of RPMI1640 complete medium per well. The RPMI1640 complete medium composed 

of RPMI 1640+GlutaMax™ supplemented with 10% heat-inactivated FBS superior (hiFBS), 200 
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UI/mL of IL-2. Heat-inactivated FBS was prepared by warming the FBS to 60°C for 30 minutes. The 

cell medium was refreshed every three days throughout the culture period, which spanned six 

days. The medium replacement process involved centrifuging the cell suspension at 300xg for 10 

minutes at 4°C. Half of the supernatant was discarded following centrifugation, and fresh medium 

was added. Flow cytometry analysis was conducted on day 0, day 3, and day 6 of the culture 

period. For this analysis, a panel of antibodies was employed, including APC/Cyanine7 anti-human 

CD4 antibody, APC anti-human CD45RA antibody, and FITC anti-human CD197 (CCR7) antibody, 

along with 7-aminoactinomycin D (7-AAD) for viability/mortality assessment. To perform the 7-

AAD staining, the cells were appropriately stained with other antibodies and washed before the 7-

AAD was added into the tube. The cells were then incubated with 7-AAD for at least 5 minutes 

before the measurement with FACS Canto™ II. The results were analyzed using FlowJo V10. 

3.4.3.2  The Effect of IL-2 Experiment 

Naïve CD4+ T-lymphocytes were isolated using established methods. Subsequently, 1x106 cells 

were cultured in individual wells of a 6-well plate, employing 2 mL RPMI1640 complete medium 

per well. These cultures were divided into two groups, one with the addition of 200 UI/mL IL-2 and 

the other without IL-2 supplementation. The cultivation period spanned six days with medium 

replacement executed as previously described. On day 5, 25 µL/mL of ImmunoCult™ anti-

CD3/CD28 (T-cell activator) was introduced into both the group with IL-2 and the non-

supplemented cultures. This step stimulated the cells for 24 hours before concluding the 

experiment, and this group is referred to as D6+. The cells were collected for analysis on D0, D3, 

D6. Subsequently, the cells were prepared for analysis through staining with a panel of antibodies, 

including anti-CD4-APC/Cy7, anti-CD45RA-APC, anti-CCR7-FITC, and anti-CD69-Brilliant Violet 

421™. Cell mortality was assessed by adding 5 µL of 7-AAD to the tube, followed by a 5-minute 

incubation on ice, in preparation for subsequent analytical procedures.  

3.4.4   Co-Cultivation of HFDK with Naïve CD4+ T-lymphocytes 

3.4.4.1  Co-Cultivation Medium 

The HFDK were thawed, washed twice with 10 mL PBS, and resuspended in 12 mL KGM-2. These 

HFDK were then seeded into 24-well plates at a density ranging from 1x104 to 2x104 HFDK per cm2. 

Following the seeding process, the cells were cultured for an initial 24-hour period before the first 

medium replacement. To facilitate adaptation of the HFDK to the co-culture conditions, the 

original KGM-2 medium was substituted with a 1:1 mixture of KGM-2 and co-culture medium such 

as KGM-2 without hydrocortisone (KGM-2 wo HC) or Mix2. After the initial 24 hours of seeding. 
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The cells continued to be cultured in this adaptation medium for an additional 24 hours. Following 

this adaptation phase, 8x104 to 10x104 naïve T-lymphocytes were introduced into the co-culture. 

The HFDK and naïve CD4+ T-lymphocytes were co-cultured in RPMI1640 basal, KGM-2, KGM-2 wo 

HC or Mix2 for three days. RPMI1640 basal and KGM-2 served as control. Afterward, T-lymphocytes 

were harvested for flow cytometry analysis. These T-lymphocytes were characterized using specific 

markers, including anti-CD4-APC/Cy7, anti-CD45RA-APC, anti-CCR7-FITC, and anti-CD69-Brialliant 

Violet 421™. 7-AAD was used to determine the mortality/viability of the cells. An MTT assay was 

also performed on the keratinocytes to evaluate their viability under the established co-culture 

conditions.  

3.4.4.2  Autologous and Allogeneic Co-Cultures  

HFDK from two donors were thawed, washed twice with 10 mL PBS, and resuspended in KGM-2. 

The cells were seeded at 1x104 – 2x104 HFDK/cm2 in 24-well plates with 500 µL KGM-2 and cultured 

for 24 hours before the first medium change. To adapt the HFDK to the co-culture medium, KGM-

2 was replaced with a 1:1 mix of KGM-2 and co-culture medium (KGM-2 wo HC or Mix2) after 24 

hours of seeding. The cells were cultured in the adaptation medium for another 24 hours before 

adding 8x104 – 10x104 naïve T-lymphocytes isolated from one of the hair follicle donors’ blood in 

the 500 µL co-culture medium only (KGM-2 wo HC or Mix2). The co-culture of the T-lymphocytes 

and HFDK from the same donor (autologous) or different donor (allogenic) was maintained for 

three days in the co-culture media, and then T-lymphocytes were harvested for flow cytometry 

analysis using anti-CD4-APC/Cy7, anti-CD45RA-APC, anti-CCR7-FITC, anti-CD69-Brialliant Violet 

421™. 7-AAD was used to determine the mortality/viability of the cells. The results were measured 

by FACS Canto™ II and analyzed by FlowJo V10. MTT assay was performed on keratinocytes to 

assess their viability. 

3.4.4.3  DNCB Dose Finding Experiment 

A seeding density of 2x104 HFDK per cm2 was employed, and these cells were placed in a single 

well of a 24-well plate, initially using KGM-2. Subsequently, to facilitate adaptation to the 

experimental conditions, the medium was switched to the mix of Mix2 and KGM-2 and then finally 

to the 1mL Mix2 medium. 1x105 naïve CD4+ T-lymphocytes were seeded into a well in a 24-well 

plate with 1 mL Mix2 medium. To prepare the desired concentrations of 0.1 mM, 1 mM, and 10 

mM DNCB, a serial dilution of DNCB stock solution was carried out. An untreated control (UT) was 

included. Following the dilution process, 1 µL of either 0.1 mM, 1 mM, or 10 mM DNCB solutions 

was introduced into the well with HFDK or T-lymphocytes, which yielded final concentrations of 

0.1 µM, 1 µM, or 10 µM DNCB, each concentration contained maximum 0.1% DMSO as a vehicle. 
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Cells were incubated with the substance for 24 hours. An MTT assay was performed to assess the 

viability of the HFDK. T-lymphocytes were stained with anti-CD4-APC/Cy7, anti-CD45RA-APC, anti-

CCR7-FITC, anti-CD69-Brialliant Violet 421™, and 7-AAD to assess the impact of DNCB on the 

functionality and mortality of the cells. The results were measured by FACS Canto™ II and analyzed 

using FlowJo V10. 

3.4.4.4  The Challenging of The Co-culture with DNCB  

HFDK were thawed, and 2x104 HFDK/cm2 were seeded on a 24-well plate with the KGM-2 before 

adapting into the 500 µL Mix2 medium as previously described. Simultaneously, 0.1x106 naïve T-

lymphocytes were suspended in 500 µL of Mix2 medium. This suspension was then introduced 

into the HFDK culture, resulting in a total volume of 1mL. After an incubation period of 24 hours 

to facilitate cell interactions, 1 µL of 0.1 mM DNCB was added to each well. This addition yielded 

a final concentration of 0.1 µM DNCB in the medium, with a 0.1% DMSO content. The cells were 

left to incubate with the substance for 24 or 48 hours. 25 µL of the T-cell activator was used as a 

positive control and UT was included. Following exposure to DNCB, the T-lymphocytes were 

subjected to staining with CD4-APCcy7, and CD69-Brilliant Violet 450™. 7-AAD was used to 

determine the mortality/viability of the cells. The results were measured with FACS Canto™ II and 

analyzed with FlowJo V10. An MTT assay was performed to assess the viability of the HFDK. 

3.4.5   The Co-Culture of MoLC, T-Lymphocytes, and HFDK 

3.4.5.1  Co-cultivation of T-Lymphocytes and MoLC  

HFDK were thawed, and 1x104 – 2x104 HFDK/cm2 were seeded on a 24-well plate with the KGM-2 

before adapting into the 500 µL Mix2 medium. In parallel, MoLC were differentiated as previously 

described in the immune cell preparation section. On day six, after the MoLC were fully 

differentiated in DC generation medium, 0.2x106 MoLC were resuspended in 400 µL Mix2 medium 

and added into a well in a 24-well plate. 0.1x106 T-lymphocytes were resuspended in 100 µL Mix2 

medium and added into well. The final volume of the medium in the well is 1mL. The well with 

only T-lymphocytes, or T-lymphocytes and MoLC were included in the experiment. The cells were 

co-cultured together for three days before the cell suspension containing MoLC and T-lymphocytes 

were collected for flow cytometry. The cells suspension was stained against CD4-APCcy7, CD69-

Brilliant Violet 450™, CD1a-FITC, and CD86-Brilliant Violet 605™. 7-AAD was used to determine the 

mortality/viability of the cells. 
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3.4.5.2  Autologous and Allogeneic Co-Culture of Immune cells 

Monocytes were isolated from a donor and differentiated into MoLC as previously described. At 

the completion of MoLC differentiation, naïve CD4+ T-lymphocytes were isolated from the same 

donor as monocytes using Naïve CD4+ T-cell MicroBead Cocktail II. 0.2x106 MoLC cells were 

resuspended in 500 µL of Mix2 medium. 0.1x105 naïve CD4+ T-lymphocytes were resuspended in 

another 500 µL of Mix2 medium. The two cell suspensions were combined to the final volume of 

1mL and co-cultured together in a well in a 24-well plate for three days. Afterward, the cells were 

collected for flow cytometry. The cells were stained with CD4-APC/Cy7, anti-CD45RA-APC, anti-

CCR7-FITC, anti-CD69-Brilliant Violet 421™, anti-CD1a-FITC, and anti-CD86 Brilliant Violet 605™. 

7-AAD was used to determine the mortality/viability of the cells. The results were measured with 

CytoFLEX and analyzed by FlowJo V10.  

3.4.5.3  Autologous and Allogeneic Co-Culture of The Three Cell Types 

The HFDK from two different donors were thawed and seeded into a 24-well plate at the 

concentration of 2x104 cells/cm2. These cells were cultured in the adaptation protocol as 

previously described to adapt the cells cultured in KGM-2 into Mix2. In parallel, MoLC were 

differentiated following previously established protocols from the same donor or different donor 

as HFDK. On the fifth day of the experiment, naïve CD4+ T-lymphocytes were isolated from the 

same donor whose MoLC were differentiated from and HFDK were isolated from or from entirely 

different donor. In the autologous co-culture, each cell types were from the same donor, and in 

allogeneic co-culture, each cell types were from different donors. T-lymphocytes, at a 

concentration of 0.1x106 per well, were suspended in 500 µL of Mix2 medium. Simultaneously, 

0.2x106 MoLC were suspended in 500 µL of Mix2. The suspensions of both MoLC and T-

lymphocytes were then combined to reach a final volume of 1 mL. Concurrently, the culture 

medium was removed from the HFDK, and the cells were subjected to three washes with DPBS. 

Following this preparation, the immune cell suspension, comprising both MoLC and T-

lymphocytes, was introduced into the well-containing HFDK. The co-culture took place for three 

days. The T-lymphocytes and MoLC were subsequently harvested and subjected to flow cytometry 

staining using a panel of antibodies including anti-CD4-APC/Cy7, anti-CD45RA-APC, anti-CCR7-

FITC, anti-CD69-Brilliant Violet 421™, anti-CD1a-FITC, and anti-CD86 Brilliant Violet 605™. 7-AAD 

was used to determine the mortality/viability of the cells. The results were measured with 

CytoFLEX and analyzed by FlowJo V10. 
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3.4.5.4  The Treatment of The Three Cells Co-Culture System with DNCB 

HFDK were cultured with MoLC, and T-lymphocytes as previously described. After a 24-hour 

facilitation period, two different concentrations of DNCB were added to the wells to allow the cells 

to acclimate to each other. Specifically, 1 µL of a 0.1mM DNCB solution and 1 µL of a 5mM DNCB 

solution were introduced into the culture medium. This resulted in final concentrations of 0.1 µM 

DNCB and 5 µM DNCB, both of which contained 0.1% DMSO. Following the exposure to DNCB, 7-

AAD was used to determine the mortality/viability of the cells. The T-lymphocytes and MoLC, 

present in the co-culture were specifically stained using a panel of antibodies that included anti-

CD4-APC/Cy7, anti-CD45RA-APC, anti-CCR7-FITC, anti-CD69-Brilliant Violet 421™, anti-CD1a-FITC, 

and anti-CD86 Brilliant Violet 605™. The results were measured with CytoFLEX and analyzed by 

FlowJo V10.8.01. This flow cytometry analysis enabled the evaluation of cell phenotypes and 

viability in response to DNCB exposure. 

3.4.6   Development of Immunocompetent Skin Model 

3.4.6.1  RHS from Hair Follicle-derived Cells  

In this study, RHS-HFD or RHS-FD was created following a previously described method (Löwa et 

al., 2018). Briefly, 0.5x106 HFDF or NHDF were suspended in PureCol EZ Gel and solidified at 37°C 

without CO2 in an insert of a 12-well plate. Subsequently, 0.9x106 HFDK or NHEK were seeded on 

top of the solidified dermis layer and incubated for 24 hours at 37°C with 5% CO2. The RHS-HFD or 

RHS-FD was then cultured in an air-liquid interface using keratinocyte differentiation medium 

(KDM) for 12 days. KDM contained DMEM (Gibco), 21.5% Ham’s F12, 10% FBS, 0.4µg/mL 

hydrocortisone, 10-10M cholera toxin, 10ng/mL EGF, 5µg/mL insulin, 4mM L-glutamine, and 

0.18mM adenine. On day 12, the RHS-HFD or RHS-FD was frozen as previously described. The RHS-

HFD or RHS-FD was stained with H&E staining and IF staining as previously described. For the IF 

staining, the RHS-HDF or RHS-FD were stained against cytokeratin 14-FITC (CK14), cytokeratin 10-

PE (CK10), loricrin, and claudin. The AlexaFluor®647 was used as a secondary antibody for loricrin. 

The AlexaFluor®647 was used as a secondary antibody for claudin. The epidermal thickness was 

measured using ImageJ. 

3.4.6.2  Media Finding Experiment 

HFDK were thawed and seeded into a 24-well plate at the concentration of 2x104 cells/cm2. HFDK 

were cultivated in KGM-2 for 2 days before changing to the mix of 50% KGM-2 and 50% test media. 

The test media were KDM, Mix2, RKD1 (50% RPMI1640 basal + 50% KDM), and DC generation 

medium. MoLC were differentiated from anonymous buffy coats. Naïve CD4+ T-lymphocytes were 
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freshly isolated. On the fifth day, 0.5x106 CD4+ naïve T-lymphocytes and 0.5x106 MoLC were 

resuspended in the appropriate test medium. The test medium was KDM, Mix2, RKD1, or DC 

generation medium. RKD1 is the mix of 50% RPMI1640 basal + 50% KDM. Subsequently, the 

medium in the well-containing HFDK was aspirated, and the cells were washed three times with 

DPBS). Following the washing steps, the suspension of immune cells, which included MoLC and 

CD4+ naïve T-lymphocytes, was added to the well. These cells were co-cultivated with HFDK for a 

24-hour incubation period. After the co-culture, the immune cells were collected for flow 

cytometry analysis. CD4+ naïve T-lymphocytes were specifically stained with antibodies against 

CD4-APC/Cy7, CD69-Brilliant Violet 421™, and CD25-PE. Meanwhile, MoLC were stained with 

antibodies targeting CD1a-FITC, CD207-APC (Langerin) Antibody, and CD86-Brilliant Violet™ 605. 

7-AAD was used to determine the mortality/viability of the cells. The results were measured with 

CytoFLEX and analyzed by FlowJo V10.8.01. 

3.4.6.3  Immunocompetent Skin Models  

The immunocompetent skin models (ImmuSkins) consisted of three-layer construct on the cell 

culture insert with or without T-lymphocytes in the lower chamber of the transwell. The three-

layer construct refers to the epidermis, dermis, and subdermal layer. To immunocompetent skin 

models with MoLC alone (ImmuSkin-M), 0.5-1 x106 MoLC were resuspended in 100 µL PureCol EZ 

Gel and solidified for 2 hours on 8 µM cell culture inserts at 37°C without CO2 to create the 

subdermal layer. The matured RHS, which consisted of the epidermis and the dermis, prepared as 

previously described, was cut out from the insert using a sterile scalpel and placed it on top of the 

solidified subdermal layer using sterile forceps. For the immunocompetent skin model with only 

naïve CD4+ T-lymphocytes (ImmuSkin-T), an RHS was on top of a solidified acellular PureCol EZ Gel 

layer (subdermal layer). 0.5-1 x106 CD4+ T-lymphocytes were labeled with CellTrace™ 

carboxyfluorescein succinimidyl ester (CFSE) Cell Proliferation Kits using the protocol provided by 

the company and placed in the lower chamber of the transwell containing DC generation medium 

(see below for detailed instruction of CFSE labeling). To create the immunocompetent skin model 

containing both MoLC and CD4+ T-lymphocytes (ImmuSkin-MT), the subdermal layer was built 

similarly to ImmuSkin-M, followed by the addition of CFSE-labeled naïve CD4+ T-lymphocytes into 

the lower chamber similar to ImmuSkin-T (Figure 12). On day 12, the three-layer construct from 

the ImmuSkins were frozen as previously described. The three-layer construct was stained with 

H&E staining and IF staining as previously described. For the IF staining, the RHS-HDF or RHS-FD 

were stained against cytokeratin 14-FITC (CK14), cytokeratin 10-PE (CK10), loricrin and claudin. The 

AlexaFluor®647 was used as secondary antibody for loricrin. The AlexaFluor®488 was used as 

secondary antibody for CD1a. To observe for T-lymphocytes within the three-layer construct, the 
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green fluorescent protein (GFP) channel was used to detect the signal from CFSE. The epidermal 

thickness was measured using ImageJ. The cells in the lower chamber of the transwell were 

collected for flow cytometry analysis staining against CD1a-FITC, CD4-APC-Cy7, CD86-Brilliant 

Violet 605™. 7-AAD was used to determine the mortality/viability of the cells. The results were 

measured with CytoFLEX and analyzed by FlowJo V10.8.01. 

 

Figure 11. The illustration outlines the sequential creation of the immunocompetent skin models (ImmuSkin) . It 

highlights the distinct phases of maturation in reconstructed human skin models (RHS) and the preparation of the 

subdermal layer. This layer either incorporates monocyte-derived Langerhans cells (MoLC) denoted as '+Immune cells,' 

as seen in ImmuSkin-M and ImmuSkin-MT, or remains acellular, indicated as '-Immune cells,' as observed in ImmuSkin-

T. Furthermore, the illustration demonstrates the introduction of  CD4+ naïve T-lymphocytes into the well of the 

ImmuSkin-MT and ImmuSkin-T variants, while the absence of CD4+ naïve T-lymphocytes is indicated in ImmuSkin-M. 

3.4.6.4  Skin Sensitization Assay 

ImmuSkins were topically treated with 10 µL of different compounds: 0.1% DMSO, 500 µM 

Glycerol (Gly) prepared from 37 µL 99% glycerol with 963µL DMSO, 250 µM Resorcinol (RN) 

prepared from 27.5 mg RN and 1 mL DMSO, 300 µM Isoeugenol (IG) prepared from 45.8 µL IG and 

954.2 µL DMSO, 5 µM DNCB, or 10 µM p-phenyldiamine (PPD) prepared from 500 µL 20 mM PPD 

with 500 µL DMSO. The 20 mM PPD was prepared by dissolving 2.16 mg PPD 1 mL DMSO. An 

inflammatory cytokine cocktail containing 50ng/mL TNF-α and 50ng/mL IL-1β was also used as a 

positive control for ImmuSkin-M. Additionally, a T-cell activator was included into the inflammatory 

cytokine cocktail as a positive control for ImmuSkin-T and ImmuSkin-MT by adding 25 µL into the 

well to ensure the T-cells activation. The stock solution of each skin sensitizer was prepared using 

DMSO as a solvent and diluted to 1:1000 in the DC generation medium, resulting in a treatment 

DMSO content of 0.1%. Unexposed ImmuSkin was included as an untreated control. The 

concentration of each skin sensitizer was carefully curated from different previous studies (Ahmed 
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et al., 2015; Basketter et al., 2005; Ouwehand et al., 2011; Rees et al., 2011). After 24 hours, the 

three-layer construct from the ImmuSkin-MT was frozen as previously described. The three-layer 

construct was stained with H&E staining and IF staining as previously described. For the IF staining, 

the three-layer construct was stained against cytokeratin 14-FITC (CK14), cytokeratin 10-PE (CK10), 

loricrin and claudin. The AlexaFluor®647 was used as secondary antibody for loricrin. The 

AlexaFluor®488 was used as secondary antibody for CD1a. To observe for T-lymphocytes within 

the three-layer construct, the GFP channel was used to observe the signal from CFSE. The cells in 

the lower chamber of the transwell were collected for flow cytometry analysis staining against 

CD1a-FITC, CD4-APC-Cy7, CD86-Brilliant Violet 605™. 7-AAD was used to determine the 

mortality/viability of the cells. The results were measured with CytoFLEX and analyzed by FlowJo 

V10.8.01. The epidermal thickness was measured using ImageJ.  

3.4.6.5  MoLC Migration and Maturation 

Cells obtained from the lower chamber of the transwell, specifically derived from ImmuSkin-M or 

ImmuSkin-MT, underwent staining with a combination of extracellular markers. This staining 

procedure involved using anti-CD1a-FITC, and anti-CD86-Brilliant Violet 605™. 7-AAD was used as 

viability/mortality marker. The marker expression levels were quantified using a CytoFLEX. MFI and 

cell frequency were analyzed utilizing FlowJo version 10.8.01 software. The migration of MoLC was 

determined by gating live CD1a+ cells within the population and normalizing the migration rate to 

10,000 events. Concurrently, the maturation of MoLC was assessed based on the MFI of CD86 

within the live CD1a+ cell population.  

3.4.6.6  CFSE Labeling to Assess T-lymphocyte Proliferation 

CD4+ naïve T-lymphocytes were subjected to staining using the CellTrace™ CFSE Cell Proliferation 

kit, following the manufacturer’s instructions. A 5 mM CFSE solution was initially prepared by 

combining substance B from the kit with substance A. This resulted in the formation of a 5mM 

CFSE solution. Subsequently, 1 µL of the prepared 5mM CFSE solution was added to a suspension 

containing 1x106 CD4+ T-lymphocytes in 1mL of DPBS. The proliferation of these cells was assessed 

using flow cytometry. To perform the analysis, live CD4+ T-lymphocytes were identified and 

isolated within the cell population. The proliferation rate was then quantified based on CFSE 

intensity, utilizing the proliferation algorithm integrated into FlowJo version 10.8.01. This detailed 

procedure allowed for an accurate evaluation of CD4+ T-lymphocyte proliferation.  
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CHAPTER 4   RESULTS 

4.1   Hair Follicles as an Alternative Source for Keratinocytes and Fibroblasts  

4.1.1   Comparative Analysis of Cell Properties from Hair Follicles and Foreskin  

The keratinocytes and fibroblasts isolated from human hair follicles are characterized in 

comparison to keratinocytes and fibroblasts isolated from juvenile foreskin. The method of hair 

follicle-derived cell isolation involved plucking hair follicles and carefully examining them to 

identify the presence of the ORS, which acts as the primary source of keratinocytes and fibroblasts 

of these cells. Subsequently, the hair follicles were cultured on an insert membrane of a Transwell® 

until the outgrowth covered approximately 80% of the insert membrane area (Figure 12). After 

this point, HFDK and HFDF were isolated from the outgrowth of these hair follicles and cultivated 

in their respective medium, which is keratinocyte growth medium (KGM-2) for HFDK, and FGM for 

HFDF. The NHEK and NHDF isolated from juvenile foreskin were thawed and cultivated in a similar 

method. A combination of flow cytometry and immunofluorescence (IF) staining techniques were 

used to characterize the cells.  

The IF analysis and the corrected total cell fluorescence revealed exciting findings. The NHEK and 

HFDK exhibited similar levels of cytokeratin 14 (CK14), but HFDK had significantly higher levels of 

cytokeratin 10 (CK10) (Figure 13A&B). Additionally, it was observed that HFDF had significantly 

lower levels of collagen type I compared to NHDF, while collagen IV and vimentin levels remained 

consistent between the two cell types (Figure 13C&D).  

It is noticeable that HFDs proliferate slower than foreskin-derived cells (FDs). For instance, the 

proliferation rate of HFDK at passage two requires 40.6 hours to double the population, while 

NHEK at passage two require only 24 hours on average (Figure 14A). The HFDF at passage two are 

found to double up the population after 63.3 hours, while the population of NHDF significantly 

requires twice as little time as the HFDF for population doubling. (Figure 14B).  

The results from flow cytometry provided further insights into the similarity between NHEK and 

HFDK. While NHEK showed slightly lower expression of cytokeratin 5 (CK5) and CD29 compared to 

HFDK, these differences were not statistically significant (Figure 14C). On the other hand, CD49f 

expression was comparable between both cell types. Notably, CD10 was highly expressed in NHDF, 

while CD90 showed high expression in HFDF. CD44 expression levels were similar in both cell types 

(Figure 14D). 
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Figure 12. Representative microscopic images and illustrations showing the outgrowth of hair follicles over 21 days. 

Hair follicles were obtained from anonymous donors and cultured in a Transwell plate with feeder cells. After two 

weeks, outgrowth can be observed originating from the outer root sheath region of the hair follicles (the outgrowth is 

circled in black). Images were captured at a magnification of x200. n= 9. The illustration was generated with 

Biorender.com. 
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Figure 13. Characterization of hair follicle-derived cells versus foreskin-derived cells by Immunofluorescence (IF) 

staining. A) Results from IF staining of normal human epidermal keratinocytes (NHEK) and hair follicle-derived 

keratinocytes (HFDK) against cytokeratin 10 (CK10)-PE (red) and cytokeratin 14 (CK14)-FITC (green). B) The corrected 

total cell fluorescence (CTCF) of CK14-FITC and CK10-PE in HFDK and NHEK. C) IF staining of normal human dermal 

fibroblasts (NHDF) and hair follicle-derived fibroblasts (HFDF) against collagen I-PE (red), collagen IV (red), and vimentin-

FITC (green). D) The CTCF of collagen I-PE, collagen IV-PE and vimentin-FITC in HFDF and NHDF. Nuclei were 

counterstained with 4′,6-diamidino-2-phenylindole (DAPI, blue). Scale bar = 100 µm. Data are presented as mean ± SD. 

The paired t-test was used as statistical analysis. The p-values <0.05 (*), <0.01 (**), and <0.001 (***) are indicated. n=3. 
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Figure 14. Characterization of hair follicle-derived cells versus foreskin-derived cells by flow cytometry. A) Population 

doubling time of keratinocytes from each source. B) Population-doubling time of fibroblasts from each source. C) Normal 

human epidermal keratinocytes (NHEK) and hair follicle-derived keratinocytes (HFDK) were stained for CD29-FITC, CD49f-

PE, and CK5-PE which are well-known characterization markers for keratinocytes. D) Normal human dermal fibroblasts 

(NHDF) and HFDF were stained for CD10-APC, CD44-eFluor450, and CD90-PerCP-Cyanin5.5. Scale bar = 100 µm. Data 

are presented as mean ± SD. The paired t-test was used as a statistical analysis method. The p-values <0.05 (*), <0.01 

(**), and <0.001 (***) are indicated. n=3-6. 

4.1.2   Efficacy of Different Hair Follicle Cell Culture Techniques  

The slower proliferation of HFDK compared to NHEK prompted the optimization of cultivation 

methods. Initially, KGM-2 was the chosen medium for HFDK, but the newly introduced medium, 

DermaCult™, piqued the interest. Thus, the experiment was conducted to compare the 

proliferation rate and viability of HFDK in both media. The viability was determined using the 

NeucleoCounter NC-202™. 

At passage two, HFDK exhibited cobblestone morphology and formed colonies as expected in both 

media. Intriguingly, at passage five, HFDK cultured in DermaCult™ retained their proliferation 
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capacity, whereas those in KGM-2 lost this ability (Figure 15A). Cell division rate assessments at 

passage two revealed significantly faster proliferation in DermaCult™, with HFDK yielding 2x106 

new cells per day, as opposed to KGM-2, which only produced 0.65x105 new cells per day (Figure 

15B). Cell viability remained above 80% in both media (Figure 15C). 

Additionally, the division rate of cells at each passage when cultured in DermaCult™ was accessed. 

This revealed that proliferating capacity increased in the third and fourth passages before declining 

in the fifth passage. Conversely, cells cultured in KGM-2 exhibited regression in proliferation with 

each subculture. The statistical analysis highlighted significantly higher proliferation rates at 

passages three, four, and five for cells cultivated in DermaCult™ compared to those in KGM-2 

(Figure 15D). 

In conclusion, the DermaCult™ provides the necessary nutrition required by keratinocytes and 

prolongs the ability to proliferate the cells up to at least passage five without affecting the cell 

viability. Therefore, the new medium is more suitable for the HFDK' cultivation than the KGM-2.  

 

Figure 15. Assessing the viability and proliferation of hair follicle-derived keratinocyte (HFDK) in various culture 

media.  
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In summary, the results highlight the potential interchangeability of cells derived from hair follicles 

with those obtained through more conventional methods like skin biopsies or surgeries. While 

there are subtle differences in marker expression, particularly with CK10 and collagen type I, these 

cells exhibit overall similarities, suggesting that they can be used interchangeably in various 

scientific and clinical contexts. This exchangeability offers the possibility of obtaining the cells 

sourced from a donor multiple times and opens doors for innovative applications in cell-based 

research and therapies. The limitation of time required for cell division being longer in HFDs than 

in FDs is remarkable, but this limitation has been overcome by optimizing the cultivation method. 

  

Figure 15. (Continued from previous page). Assessing the viability and proliferation of hair follicle -derived 

keratinocyte (HFDK) in various culture media . HFDK were cultured in two distinct media, namely KGM-2 and 

DermaCult™, from passages two to five. A) Representative microscopic images of HFDK at passage two and passage 

five in both KGM-2 and DermaCult™ media. The images were taken at a magnification of x100. B) The proliferation 

rate of HFDK at passage two, cultured in either KGM-2 or DermaCult™. C) Viability assessment of HFDK at passage two, 

cultured in either KGM-2 or DermaCult™ by NeucleoCounter™. D) The division rate of HFDK was measured over 

passage two to five, indicating their growth and expansion dynamics. Data are presented as the mean ± SD. Statistical 

comparisons between two groups were performed using paired t-tests, while comparisons between multiple 

parameters were analyzed using one-way ANOVA with Sidak's multiple comparison correction. The p-values were 

represented as follows: * p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001. n=3-6 
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4.2   Dynamics of CD4+ T-Lymphocyte Cultivation  

4.2.1   Time-Course of CD4+ Naïve T-Lymphocyte Cultivation 

The naïve status of T-lymphocytes was determined from the co-expression of CD45RA and CCR7 

on the T-lymphocytes. The central memory T-lymphocyte (CM) character is indicated by the 

absence of CD45RA (CD45RA-CCR7+). When the naïve T-lymphocytes become effector T-

lymphocytes (TEM), they lose the expression of both CD45RA and CCR7 (CD45RA-CCR7-). Lastly, 

the TEM can re-express CD45RA again, which is also known as terminally differentiated T-cells 

(TEMRA; CD45RA+CCR7-) (Larbi & Fulop, 2014; Sallusto et al., 1999). Due to this reason, it is 

necessary to investigate how long the T-lymphocytes can maintain the naïve status in the in vitro 

culture in the presence and absence of IL-2, a well-known cytokine necessary for T-lymphocytes 

survival and function.  

In this study, naïve CD4+ lymphocytes were isolated from anonymous buffy coats and were 

cultured in RPMI1640 complete medium supplemented with IL-2 for different periods, which were 

24 hours, three days, and six days. Subsequently, the marker presentation of T-lymphocytes was 

analyzed using flow cytometry.  

A decrease in the percentage of T-lymphocytes expressing CD45RA and CCR7 (naïve CD4+ T-

lymphocytes) out of total cultivated naïve T-lymphocytes over time was revealed by the results, 

with a significant drop being observed on day six. Initially, at day zero (D0), day one (D1), and day 

three (D3), the frequencies of CD4+ naïve T-lymphocytes were found to be comparable, with over 

90% of the cell population still expressing both CD45RA and CCR7. However, by day 6 (D6), the 

frequency of naïve CD4+ T-lymphocytes had significantly decreased to less than 50% (Figure 

16A&B). 

Conversely, a notable increase in the proportion of TEMRA (CD45RA+CCR7-) was observed with 

time. This population went from below 10% to exceeding 50% on day six, suggesting the loss of 

CCR7 expression over time (Figure 16C). 

Cell mortality was assessed by measuring the MFI of 7-AAD, where a high MFI indicates high 

mortality. Although a general trend of increasing cell mortality over time was observed, no 

significant difference in cell mortality was noted between D0, D1, D3, and D6, and there is no 

correlation between time and mortality (Figure 16D). 

In conclusion, it was found that CD4+ naïve T-lymphocytes retained their original characteristics 

when cultured in RPMI1640 complete + IL-2 for up to 6 days before becoming TEMRA. These 
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findings contribute to a better understanding of T-lymphocyte behavior in culture and provide 

relevant information for research involving naïve T-lymphocyte maintenance and differentiation. 

 

 

Figure 16. Changes in T-lymphocyte phenotype and mortality over time. D0 refers to freshly isolated T-lymphocytes, 

while D1, D3, and D6 refer to one, three, and six days of cultivation. At each time point, T-lymphocytes were stained for 

CD45RA-APC and CCR7-FITC to observe their naïve status, where both markers are expressed by the cells and analyzed 

using flow cytometry. Cell mortality was determined using 7-AAD. A) Representative dot plots of CD45RA vs CCR7 for 

each time point. B) Frequencies of CD4+ cells expressing CD45RA and CCR7 (naïve T-lymphocytes). C) Frequencies of CD4+ 

cells expressing CD45RA but not CCR7 (terminally differentiated T-lymphocyte or TEMRA). D) The mortality of T-

lymphocytes was determined from the median fluorescence intensity (MFI) of 7-AAD. The higher the 7-AAD MFI, the 

higher the mortality. Results were statistically analyzed using ordinary one-way ANOVA with Tukey multiple comparison 

test. The p-values <0.05 (*), <0.01 (**), and <0.001 (***) are indicated. n = 3. 

  

4.2.2   Impact of IL-2 on CD4+ T-Lymphocyte Activation 

IL-2, a well-known constituent of T-lymphocyte culture media, is recognized for its pivotal role in 

autoregulation, particularly in activated CD4+ T-lymphocytes. However, one of the primary 

objectives of this project is to compare in vitro skin sensitization assays, both autologous and 

allogeneic. Consequently, the need arises to reduce external components, including IL-2, in the 
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developing assay or to seek alternative substitutes. In this context, an investigation was 

undertaken into the requirement of IL-2 for naïve CD4+ T-lymphocyte culture and its impact on 

the ability of T-lymphocytes to be stimulated. 

The results revealed changes in the distribution of T-lymphocyte phenotypes over time. By day six, 

a greater number of T-lymphocytes had their CCR7 expression diminished. To observe if the naïve 

T-lymphocyte without IL-2 can be activated, the cells were incubated with T-cell activator for 24 

hours. The results show a significant reduction in the CD45RA+CCR7+ population was observed only 

following incubation with the T-cell activator (Figure 17A&B). Notably, the analysis of CD69 

expression indicated a substantial upregulation of the MFI of CD69 in CD4+ T-lymphocytes after 

exposure to T-cell activator (Figure 17C). T-lymphocyte mortality, as assessed by 7-AAD, remained 

consistent throughout the six-day cultivation period (Figure 17D). 

Furthermore, a comparison was made between the frequencies of naïve T-lymphocytes, CD69 

MFI, and T-lymphocyte mortality in cultures with and without IL-2 at each time point. Interestingly, 

on day 6, fewer naïve T-lymphocytes were found in the well containing IL-2. However, when T-cell 

activator, the T-lymphocyte activator, was introduced into the well, both conditions appeared to 

have a comparable percentage of naïve T-lymphocytes (Figure 18A). Moreover, the activation 

marker upregulation and mortality analysis indicated no significant differences between T-

lymphocytes cultured with or without IL-2 (Figure 18B&C).  

In conclusion, the findings suggest that IL-2 is not indispensable for T-lymphocyte cultivation over 

up to six days. Furthermore, supplementing T-lymphocyte cultivation with IL-2 does not augment 

T-lymphocyte activation nor reduce T-lymphocyte mortality. Consequently, excluding IL-2 from the 

culture medium is feasible, provided that the culture period does not exceed six days. These results 

contribute to developing an alternative and simplified culture protocol for the in vitro skin 

sensitization assay.  
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Figure 17. Changes in T-lymphocyte phenotype and mortality over time in the presence of IL-2 or without IL-2. T-

lymphocytes were cultured with or without IL-2 for six days. D1, D3, and D6 refer to one, three, and six days of cultivation, 

respectively, while D6+ refers to five days of cultivation with additional 24 hours of stimulation using T-cell activator. At 

each time point, T-lymphocytes were stained for the naïve T-lymphocyte markers CD45RA and CCR7, as well as the early 

activation marker CD69. Results were analyzed using flow cytometry and cell mortality was determined using 7-AAD. A) 

Representative dot plots of CD45RA vs. CCR7 for each time point and culture condition. B) Frequencies of CD4+ cells 

expressing CD45RA and CCR7. C) The median fluorescence intensity (MFI) of CD69 in CD4+ cells reflecting activation of 

the cells. D) T-lymphocyte mortality based on MFI of 7-AAD. Results were statistically analyzed using ordinary two-way 

ANOVA with multiple comparisons and Tukey correction. The p-values <0.05 (*), <0.01 (**), and <0.001 (***) are 

indicated. n = 3. 
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Figure 18. The direct comparison of IL-2 effects on frequency T-lymphocytes over the course of six days. The frequency 

of naïve T-lymphocytes, the activation, and the mortality from the whole T-lymphocyte population were investigated. 

D1, D3, and D6 refer to one, three, and six days of cultivation, and D6+ refers to five days of cultivation with additional 

24 hours of stimulation using T-cell activator respectively. At each time point, T-lymphocytes were stained for the naïve 

T-lymphocyte markers CD45RA and CCR7 and the early activation marker CD69. Results were analyzed using flow 

cytometry and cell mortality was determined using 7-AAD. A) Frequencies of CD4+ cells expressing CD45RA and CCR7. 

B) Relative median fluorescence intensity (MFI) of CD69 in CD4+ cells. C) Relative MFI of 7-AAD. Results were statistically 

analyzed using two-way ANOVA with multiple comparisons and Sidak correction. The p-values <0.05 (*), <0.01 (**), 

and <0.001 (***) are indicated. n = 3. 

 

Establishing a standardized T-lymphocyte cultivation protocol is essential for laboratory research. 

Such protocols need a thorough evaluation to ensure their suitability for future experiments. Thus, 

this study investigated the T-lymphocyte culture conditions from a time-course perspective. 

In summary, significant insights into T-lymphocyte behavior in culture, particularly in the context 

of IL-2 usage, have been uncovered in the investigation. The native characteristics of naïve CD4+ T-

lymphocytes were retained for up to 6 days when cultured in RPMI1640 + IL-2, and it was observed 

that IL-2 is not essential for sustaining T-lymphocyte survival and characteristics within this 

timeframe. These findings are crucial for developing a simplified and alternative culture protocol 

for in vitro skin sensitization assays, ultimately contributing to the improved comparability of 

various test conditions. 
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4.3   Interaction Dynamics in Keratinocyte and T-Lymphocyte Co-Cultures  

The immune response in the skin relies also on the interplay between keratinocytes and T-

lymphocytes. Traditionally, their communication was believed to occur through secreted 

molecules, but recent findings show that keratinocytes can express antigen-presenting molecules, 

suggesting a potential direct interaction (Black et al., 2007; Tamoutounour et al., 2019).  

The question arose if the co-cultivation of HFDK and naïve CD4+ T-lymphocytes lead to T-

lymphocyte activation. 

4.3.1   Analysis of Medium Effects on Co-Cultivation  

This study explored the co-culture of T-lymphocytes and HFDK to identify optimal culture media 

for both cell types and assess their impact on cell mortality and activation. The Mix2 and 

keratinocytes growth medium without hydrocortisone (KGM-2 wo HC), based on previous research 

by Geisendörfer (Geisendörfer, 2022), were found to be favorable to harmonize the interaction 

between the HFDK and the immune cells like MoLC. The Mix2 medium is the mix of 1:1 RPMI1640 

basal and KGM-2 wo HC. Therefore, this experiment used Mix2 and KGM-2 wo HC as test 

cultivation media. The RPMI1640 complete (standard immune cell medium presented in figures as 

RPMI1640) and KGM-2 (standard keratinocyte medium) acted as control media. 

Flow cytometry analysis revealed consistent CD45RA expression in CD4+ T-lymphocytes across all 

media. Cells cultivated in RPMI1640 complete showed the highest CCR7 expression, while the 

CD69 expression significantly increased in T-lymphocytes cultured in KGM-2. The mortality of T-

lymphocyte was determined from the MFI of 7-AAD. The higher the 7-AAD, the higher the 

mortality of the cells. Although it is not statistically significant, the 7-AAD MFI of the cells cultivated 

in KGM-2, KGM-2 wo HC, and the Mix2 was slightly elevated in comparison to the cell cultivated in 

RPMI1640 complete, indicating slightly increased mortality (Figure 19A). 

Co-culturing T-lymphocytes with HFDK in different media resulted in significantly lower CD45RA 

levels compared to the RPMI 1640 complete. CCR7 expression decreased in T-lymphocytes 

cultured in other media, while CD69 expression was highest in T-lymphocytes cultured in KGM-2. 

Notably, 7-AAD MFI level was significantly higher in T-lymphocytes cultured in any other media 

than RPMI1640 complete, reflecting the increased mortality of the cells in those alternative media 

(Figure 19B). 

MTT assay results showed that HFDK exhibited the highest metabolic rate in Mix2, followed by 

KGM-2, KGM-2 wo HC, and RPMI1640 complete, respectively. Although no significant differences 
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were observed, microscopic images revealed that the HFDK morphology appeared more distorted 

in other media compared to KGM-2 (Figure 20). While T-lymphocyte functionality and mortality 

deteriorate when exposed to culture media other than RPMI 1640 complete, it is essential to 

acknowledge the altered morphology of HFDK in immune cell-appropriate media like RPMI 1640 

complete. Furthermore, T-lymphocytes cultured in Mix2 and KGM-2 wo HC do not exhibit any signs 

of auto-activation, which make these two media an ideal alternative to the RPMI1640 complete 

and KGM-2.  

After establishing the suitability of KGM-2 wo HC and Mix2 for co-culture over standard media like 

RPMI1640 complete or KGM-2, characterization and comparison of cells between single-cell 

cultures and co-cultures were conducted. In KGM-2 wo HC medium, CD45RA and CCR7 expressions 

showed no significant differences between the culture conditions. However, co-cultured T-

lymphocytes displayed an elevated CCR7 expression trend. Co-cultivation of T-lymphocytes with 

HFDK led to a lower basal CD69 level, which persisted even when the co-culture was exposed to a 

T-lymphocyte activator. Importantly, co-culture did not affect the viability of either T-lymphocytes 

or HFDK (Figure 21). Furthermore, the T-lymphocyte activator did not significantly alter HFDK 

viability. 

Similarly, in the Mix2 medium, CD45RA, CCR7, and CD69 levels were comparable in both single-

cell and co-culture conditions. However, co-cultured T-lymphocytes exhibited significant CD69 

upregulation upon T-lymphocyte activator exposure. The viability comparisons between single-cell 

and co-culture conditions showed no notable differences either in HFDK or T-lymphocytes. 

Successful T-lymphocyte activation did not compromise HFDK viability (Figure 22). 

In summary, flow cytometry and MTT assay results show that KGM-2 influences T-lymphocyte 

functionality without increasing mortality. Both Mix2 and KGM-2 wo HC are suitable for T-

lymphocyte and HFDK co-cultivation, but Mix2 stands out as more efficient. Co-culturing cells in 

KGM-2 resulted in a subdued T-lymphocyte response, while Mix2 facilitated a robust response, 

making it a preferable option due to its lack of immunosuppressive effects from HFDK. 
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Figure 19. Effects of co-culture media and hair follicle-derived keratinocytes (HFDK) on CD4+ T-lymphocyte 

activation and differentiation. Naïve CD4+ T-lymphocytes were isolated from human peripheral blood and cultured 

for three days in the presence or absence of HFDK in RPMI1640 complete (RPMI1640), KGM-2 complete (KGM-2), 

KGM-2 without hydrocortisone (KGM-2 wo HC), or Mix2. The cells were then stained with antibodies against 

CD45RA, CCR7, CD69, and 7-AAD and analyzed by flow cytometry. A) Expression of CD45RA, CCR7, CD69, and 

mortality of T-lymphocytes cultured alone in each medium. B) Expression of CD45RA, CCR7, CD69, and mortality of 

T-lymphocytes co-cultured with HFDK in each medium. The higher the 7-AAD MFI reflecting the higher the mortality. 

Data are presented as mean ± SD. Statistical analysis was performed using one-way ANOVA with Tukey’s multiple 

comparisons test. The p-values <0.05 (*), <0.01 (**), and <0.001 (***) are indicated. n=3-6. 
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Figure 20. Viability and morphology of hair follicle-derived keratinocytes (HFDK) in co-culture media with or 

without CD4+ T-lymphocytes. HFDK were isolated from human hair follicles and cultured for three days in the 

presence or absence of naïve CD4+ T-lymphocytes in RPMI1640 complete, KGM-2 complete, KGM-2 without 

hydrocortisone (KGM-2 wo HC), or Mix2. HFDK viability was assessed using the absorbance value from MTT assay. 

The absorbance value was calculated by subtracting the optical density (OD) at 570 nm from OD at 630 nm 

(OD630-570nm). The higher the OD630-570nm, the higher the cell viability. A) The viability of HFDK and 

representative microscopic images of cells in different media. B) The viability of HFDK co-cultured with T-

lymphocytes and representative microscopic images of cells in different media. Images were captured at a 

magnification of x100. Data are presented as mean ± SD. Statistical analysis was performed using one-way ANOVA 

with Tukey’s multiple comparisons test. The p-values <0.05 (*), <0.01 (**), and <0.001 (***) are indicated. n=3-6. 
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Figure 21. Comparison of single culture and co-culture of naïve CD4+ T-lymphocytes and hair follicle-derived 
keratinocytes (HFDK) in KGM-2 without hydrocortisone (KGM-2 wo HC) either alone or with HFDK, for three days. 
T-lymphocytes were then collected for flow cytometry analysis and HFDK viability was assessed using the absorbance 
value from MTT assay. The absorbance value was calculated by subtracting the optical density (OD) at 570 nm from 
OD at 630 nm (OD630-570nm). The higher the OD630-570nm, the higher the cell viability. Co-culture incubated with 
anti-CD3/CD28 for 24 hours before flow cytometry analysis is indicated as “HFDK + CD4+ T-lymphocytes (+)”. Cells 
were stained with antibodies agsainst CD45RA, CCR7, and CD69, and 7-AAD was used as a mortality marker for T-
lymphocytes. A&B) Character of T-lymphocytes C) The activation level of T-lymphocytes, D) Mortality of T-
lymphocytes. E) The viability of HFDK. For T-lymphocytes, the high 7-AAD MFI reflects high mortality. Data are 
presented as mean ± SD. Statistical analysis was performed using one-way ANOVA with Tukey’s multiple 
comparisons test. The p-values <0.05 (*), <0.01 (**), and <0.001 (***) are indicated. n=3-6. 
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Figure 22. Comparison of single culture and co-culture of naïve CD4+ T-lymphocytes and hair follicle-derived 

keratinocytes (HFDK). Naïve T-lymphocytes were cultured in Mix 2, either alone or with HFDK, for three days. T-

lymphocytes were then collected for flow cytometry analysis and HFDK viability was assessed using the absorbance 

value from MTT assay. The absorbance value was calculated by subtracting the optical density (OD) at 570 nm from OD 

at 630 nm (OD630-570nm). The higher the OD630-570nm, the higher the cell viability. Co-culture incubated with T-cell 

activator for 24 hours before flow cytometry analysis is indicated as “HFDK + CD4+ T-lymphocytes (+)”. Cells were 

stained with antibodies against CD45RA, CCR7, and CD69, and 7-AAD was used as a mortality marker for T-

lymphocytes. A&B) Character of T-lymphocytes C) The activation level of T-lymphocytes, D) Mortality of T-lymphocytes. 

E) The viability of HFDK. For T-lymphocytes, the high 7-AAD MFI reflects high mortality. Data are presented as mean ± 

SD. Statistical analysis was performed using one-way ANOVA with Tukey’s multiple comparisons test. The p-values 

<0.05 (*), <0.01 (**), and <0.001 (***) are indicated. n=3-6. 

 

4.3.2   Comparative Study of Autologous versus Allogeneic Co-Cultures  

Given that T-lymphocytes are recognized as the primary effectors in host vs. graft disease, a key 

aspect of this project involves the utilization of T-lymphocytes and HFDK. It is of interest to explore 

the feasibility of developing an autologous assay and to assess whether the autologous assay 

exhibits greater potential than the allogeneic counterpart. 
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To accomplish the aim, co-culture experiments were conducted using T-lymphocytes and HFDK 

from the same individual (autologous) and different individuals (allogeneic). These experiments 

were performed in KGM-2 wo HC or Mix2. The phenotype and the mortality of the co-cultured T-

lymphocytes were assessed using flow cytometry. The viability of HFDK was analyzed through MTT 

assays. 

The results indicate that T-lymphocytes co-cultured with autologous HFDK exhibited similar levels 

of CD45RA, CCR7, CD69, and mortality as those co-cultured with allogeneic HFDK in KGM-2 wo HC 

medium (Figure 23). This suggests that the origin of HFDK did not significantly impact T-

lymphocyte activation or survival in this medium. However, MTT analysis revealed a trend toward 

higher HFDK viability when co-cultured with autologous T-lymphocytes compared to allogeneic T-

lymphocytes in both KGM-2 wo HC and Mix2 media. This implies that autologous T-lymphocytes 

exhibited less cytotoxicity towards HFDK in both media. 

Interestingly, it can be observed that T-lymphocytes co-cultured with autologous HFDK tended to 

have lower CD69 levels than those co-cultured with allogeneic HFDK in the Mix2 medium (Figure 

24). CD69 is an early activation marker for T-lymphocytes, suggesting that autologous HFDK might 

dampen T-lymphocyte activation in this medium. These findings highlight subtle differences 

between autologous and allogeneic co-cultures of HFDK and T-lymphocytes. 

Briefly, the study demonstrates that T-lymphocytes exhibit similar behavior when co-cultured with 

autologous HFDK (same donor) and allogenic HFDK (different donor). Different culture media do 

not lead to a different interaction between the cells. However, the HFDK co-cultured with 

autologous T-lymphocytes appear to show a trend of lower mortality. Notably, allogenic HFDK may 

have an autoactivation effect on T-lymphocytes in the Mix2 medium. These findings suggest that 

the choice of cell source and culture conditions can influence the interaction between T-

lymphocytes and HFDK, which has potential implications for assay development strategies. 
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Figure 23. Comparison of T-lymphocyte phenotype and hair follicle-derived keratinocytes (HFDK) viability between 
autologous and allogeneic co-cultures. T-lymphocytes and HFDK were co-cultured for three days in KGM-2 without 
hydrocortisone before T-lymphocytes were collected for flow cytometry analysis. HFDK viability was assessed using the 
absorbance value from the MTT assay. The absorbance value was calculated by subtracting the optical density (OD) at 
570 nm from OD at 630 nm (OD630-570nm). The higher the OD630-570nm, the higher the cell viability. T-lymphocytes 
were stained with antibodies against CD45RA, CCR7, CD69, and 7-AAD. The higher the 7-AAD level, the higher cell 
mortality. A&B) Character of T-lymphocytes C) The activation level of T-lymphocytes, D) Mortality of T-lymphocytes. E) 
The viability of HFDK. Data are presented as mean ± SD. Statistical analysis was performed with the paired t-test. The p-
values <0.05 (*), <0.01 (**), and <0.001 (***) are indicated. n=3-6. 
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Figure 24. Comparison of T-lymphocyte phenotype and hair follicle-derived keratinocytes (HFDK) viability between 

autologous and allogeneic co-cultures. T-lymphocytes and HFDK were co-cultured for three days in Mix2 medium 

before T-lymphocytes were collected for flow cytometry analysis. HFDK viability was assessed using the absorbance 

value from the MTT assay. The absorbance value was calculated by subtracting the optical density (OD) at 570 nm from 

OD at 630 nm (OD630-570nm). The higher the OD630-570nm, the higher the cell viability. T-lymphocytes were stained 

with antibodies against CD45RA, CCR7, CD69, and 7-AAD. The higher the 7-AAD level, the higher cell mortality. A&B) 

Character of T-lymphocytes C) The activation level of T-lymphocytes, D) Mortality of T-lymphocytes. E) The viability of 

HFDK. Data are presented as mean ± SD. Statistical analysis was performed with the paired t-test. The p-values <0.05 

(*), <0.01 (**), and <0.001 (***) are indicated. n=3-6. 

 

4.3.3   The Impact of Different DNCB Dosage on HFDK and T-lymphocytes 

Various concentrations of DNCB, a well-established potent skin sensitizer, were administered to 

isolated T-lymphocytes to evaluate their impact on both cell mortality and function. Separately, 

the HFDK were treated with the same range of DNCB concentrations, and the viability of the cells 

was assessed. The cells were incubated with the substance for 24 hours.  

Flow cytometry analysis was employed to examine the effects of these concentrations. The results 

revealed that treating T-lymphocytes with a concentration of 10 µM DNCB led to a noteworthy 
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reduction in CD45RA expression while having no discernible effect on CCR7 expression (Figure 

25A&B). Conversely, when T-lymphocytes were directly exposed to 1 µM and 10 µM DNCB, there 

was a significant increase in 7-AAD MFI, which indicates increased cell mortality (Figure 25C). 

In parallel, HFDK were subjected to the same range of DNCB concentrations. The assessment of 

the viability of HFDK revealed a significant decline, commencing with the exposure to 0.1 µM 

DNCB. More notably, a more pronounced reduction in the viability of the HFDK was observed when 

HFDK were treated with 1 µM and 10 µM DNCB (Figure 25D). 

These findings collectively suggest that a concentration of 0.1 µM DNCB is the most suitable for 

maintaining T-lymphocyte function without leading to the upregulation of 7-AAD expression, 

which is an indication of higher cell death in the context of 2D co-culture. Moreover, even though 

the 0.1 µM DNCB resulted in reduced HFDK viability, it is still acceptable when compared to the 

viability of HFDK after the 1 µM and 10 µM DNCB treatment. 
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Figure 25. The effect of 2,4-Dinitrochlorobenzene (DNCB) concentration on the character, mortality, and viability of 

the cells. T-lymphocytes or hair follicle-derived keratinocytes (HFDK) were incubated in 0.1 µM, 1 µM, and 10 µM of 

DNCB for 24 hours then the cells were collected for flow cytometry analysis. A) Effect of DNCB concentration on CD45RA 

expression, B) CCR7 expression, and C) T-lymphocyte mortality. The higher the 7-AAD MFI the higher mortality of the 

cell. D) The viability of HFDK. HFDK viability was assessed using the absorbance value from the MTT assay. The 

absorbance value was calculated by subtracting optical density (OD) at 570 nm from OD at 630 nm (OD630-570nm). The 

higher the OD630-570nm, the higher the cell viability. Data are presented as mean ± SD. Statistical analysis was 

performed using one-way ANOVA with Dunnett’s multiple comparisons test. The p-values <0.05 (*), <0.001 (**), and 

<0.001 (***) are indicated. n=3. 

4.3.4   Response Patterns of T-Lymphocytes in the Co-Culture to DNCB  

Following the determination of the appropriate concentration, the subsequent step involves 

assessing the sensitizing capability within the co-culture environment. DNCB, a well-known 
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strong skin sensitizer, is the ideal starting point for evaluating the response of the 2D co-culture 

system comprising HFDK and T-lymphocytes to the DNCB. 

The cells were co-cultured and treated with a concentration of 0.1 µM DNCB. The T-cell 

activator serves as positive control. The treatment duration was either 24 or 48 hours. 

Subsequently, T-lymphocytes were harvested for flow cytometry analysis, and HFDK underwent 

an MTT assay. 

Flow cytometry results following 24 hours of treatment revealed that the co-culture treated 

with 0.1 µM DNCB did not exhibit an induced expression of CD69 when compared to the 

untreated control. Importantly, significant upregulation of CD69 was observed in the positive 

control group (Figure 26A). The evaluation of cell viability, both for T-lymphocytes and HFDK, 

indicated similar outcomes across all experimental groups (Figure 26B&C). These findings 

collectively suggest that the 2D co-culture system did not exhibit a response to the treatment 

during the initial 24 hours. 
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Similarly, the 48-hour treatment yielded results consistent with the 24-hour response. The cells 

displayed a notable increase in CD69 levels in response to the positive control (Figure 26D). 

Furthermore, the treatment did not have an adverse effect on cell viability (Figure 26E&F). 

Furthermore, a statistical analysis comparing the 24-hour and 48-hour treatments revealed no 

significant difference between the two time periods, indicating that extending the treatment 

to 48 hours did not result in a more robust or enhanced response (Figure 27).  

Figure 26. The effect of treating a 2D co-culture of hair follicle-derived keratinocytes (HFDK) and T-lymphocytes 

with 0.1µM DNCB. The co-culture was incubated with 0.1µM 2,4-Dinitrochlorobenzene (DNCB) or anti-CD3/CD28 

for 24 hours before T-lymphocytes were collected for flow cytometry analysis. Anti-CD3/CD28 serves as a positive 

control. The untreated control (UT) was included. MTT assay was performed on HFDK to assess cell viability. Anti-

CD3/CD28 was used as a positive control. T-lymphocytes were stained with anti-CD69. The 7-AAD was used to 

investigate T-lymphocyte mortality. The results are presented as relative to the untreated control. A&D) T-

lymphocyte activation in comparison to the UT. B&E) T-lymphocyte mortality in comparison to the UT. In T-

lymphocytes, the high 7-AAD indicates high mortality. C&F) Viability of HFDK based on the absorbance calculated 

from optical density (OD) 630-570nm in comparison to the UT. In HFDK, the higher the OD630-570nm value, the 

higher the cell viability. Results are presented as mean ± SD. Statistical analysis was performed using one -way 

ANOVA with Dunnett’s multiple comparisons test. The p-values <0.05 (*), <0.01 (**), and <0.001 (***) are 

indicated. n=3-6. 
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In summary, this investigation meticulously refined co-culture parameters for T-lymphocytes and 

HFDK, discerning KGM-2 wo HC and Mix2 as optimal media choices. These media demonstrated 

the preservation of cellular functionality while upholding viability, with Mix2 particularly 

enhancing T-lymphocyte responsivity. Analysis of autologous and allogeneic co-cultures revealed 

negligible impacts of HFDK origin on T-lymphocyte activation or survival. Dose-response profiling 

identified 0.1 µM DNCB as the most suitable concentration for both cell types. Furthermore, 2D 

co-culture experiments involving HFDK and T-lymphocytes, treated with 0.1 µM DNCB, evinced an 

absence of substantial reactivity. Viability assessments across varied time points affirmed the 

persistence of cellular integrity. These outcomes decisively negate the proposition that HFDK, in 

isolation, can effectively function as APCs. The results underscore the indispensability of classical 

APCs, such as LC and DC. 

4.4   Insights from Three-Cell Co-Culture Systems  

The initial skin sensitization phase involves a complex interaction among keratinocytes, APCs, and 

CD4+ T-lymphocytes. Keratinocytes play a crucial role in activating LC and DC, which capture and 

present the skin sensitizer to CD4+ T-lymphocytes. T-lymphocytes respond to the presented 

Figure 27. The direct comparison between the effect of 24-hour and 48-hour treatment with 2,4-Dinitrochlorobenzene 

(DNCB) on a co-culture of hair follicle-derived keratinocytes (HFDK) and T-lymphocytes. The co-culture was incubated 

with DNCB for either 24 or 48 hours before T-lymphocytes were collected for flow cytometry analysis. MTT assay was 

performed on HFDK to assess cell viability. Anti-CD3/CD28 was used as a positive control. T-lymphocytes were stained 

with anti-CD69 and 7-AAD was used to investigate T-lymphocyte viability. A) Absolute CD69 MFI of T-lymphocytes. B) 

The viability of T-lymphocytes. In T-lymphocytes, the higher 7-AAD indicates lower cell viability. C) The viability of HFDK 

based on the absorbance. In HFDK, the absorbance was calculated by subtracting OD at 570 nm from OD at 630 nm 

(OD630-570nm) to assess HFDK viability. The higher the OD630-570nm, the higher the cell viability. Results are presented 

as mean ± SD. Statistical analysis was performed using two-way ANOVA with Sidak multiple comparisons test. The p-

values <0.05 (*), <0.01 (**), and <0.001 (***) are indicated. n=6. 
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sensitizer, transforming into effector T-lymphocytes that migrate back to the skin, marking the 

initiation of the elicitation phase.  

Intriguingly, the earlier research findings in this thesis have underscored that T-lymphocytes, 

whether in isolation or co-culture with HFDK, do not exhibit any response to DNCB treatment, a 

potent skin sensitizer. Consequently, it becomes imperative to incorporate LCs into the co-culture 

system, given their pivotal role as mediators facilitating communication between T-lymphocytes 

and keratinocytes. 

4.4.1   Behavioral Dynamics of Immune Cells in Three-Cell Configurations 

In this experimental setup, T-lymphocytes, MoLC, and HFDK have been co-cultured together within 

a medium known as Mix2. Leveraging the collective insights gleaned from the previous research 

in this thesis and the work from Geisendörfer (Geisendörfer, 2022), Mix2 emerges as a promising 

medium for the co-cultivation of MoLC, T-lymphocytes, and HFDK.  

From the T-lymphocytes aspect, T-lymphocyte characterization reveals a noteworthy upregulation 

of CD45RA in co-cultivation with HFDK and MoLC (Figure 28A). Although a trend of decreased 

CCR7 expression is observable in the co-culture of three cells, it fails to attain statistical significance 

(Figure 28B). There is a distinct trend toward upregulation of CD69 in T-lymphocytes when co-

cultured in the presence of HFDK and MoLC (Figure 28C). Furthermore, the 7-AAD level is at its 

lowest when T-lymphocytes are cultured solely with MoLC, reflecting the lowest cell mortality, yet 

this difference does not reach statistical significance, allowing it to be considered comparable 

across all culture conditions (Figure 28D). These findings collectively suggest that MoLC and HFDK 

do not influence T-lymphocyte mortality and do not significantly trigger T-lymphocyte responses. 

From the MoLC side, the results have shown that MoLC and MoLC co-cultured with T-lymphocytes 

appear to have similar levels of CD86 expression. CD86 is a maturation marker of the MoLC, which 

signifies the activation of the cells. Interestingly, when the HFDK are included in the co-culture mix, 

MoLC have significantly upregulated the CD86 expression (Figure 28E). The co-culture, however, 

does not influence the mortality of the MoLC (Figure 28F).  
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Figure 28. Characterization of T-lymphocytes and monocyte-derived Langerhans cells (MoLC) from a co-culture of 

hair follicle-derived keratinocytes (HFDK), MoLC, and CD4+ naïve T-lymphocytes. The co-culture was performed in 

Mix2 medium for three days, after which immune cells were harvested for flow cytometry analysis T -lymphocytes 

were labeled with (A) anti-CD45RA, (B) anti-CCR7, and (C) anti-CD69 antibodies. CD45RA and CCR7 are naïve T-

lymphocyte characterization markers. CD69 is an early activation marker of T-lymphocytes. D&F) Cell mortality was 

determined using 7-AAD. The high 7-AAD MFI reflects high cell mortality. E) MoLC maturation was measured from the 

expression of CD86. Data are presented as mean ± SD.  Statistical analysis was performed using two-way ANOVA with 

the Tukey multiple comparisons test. The p-values <0.05 (*), <0.01 (**), and <0.001 (***) are indicated. N=4-8 
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4.4.2   Comparative Immune Responses in Autologous vs. Allogenic Three-Cell 

Systems  

The distinction between autologous and allogeneic co-culture of these cells is one of the central 

themes in this project. Consequently, this aspect was also explored within the context of co-

culturing the three cell types. Autologous cells are anticipated to facilitate coexistence among 

different cell types without inducing immune responses, while allogeneic cells are expected to 

yield contrary outcomes.  

4.4.2.1  Interaction Dynamics between T-lymphocytes and MoLC 

The autologous and allogenic co-cultures of T-lymphocytes and MoLC were investigated to explore 

alloreactivity, primarily mediated through the interaction of immune cells. 

The result shows that T-lymphocytes cultured with the MoLC from the same donor (autologous) 

have significantly higher CD45RA expression than T-lymphocytes cultured with the MoLC from 

different donors (allogenic) (Figure 29A). The levels of CCR7, CD69 (Early activation markers), and 

T-lymphocyte mortality are similar between the autologous and allogeneic co-culture (Figure 29B-

D). On the MoLC side, a trend suggests higher maturation marker expression in the autologous co-

culture setting, but this trend is not statistically significant (Figure 29E). Additionally, the co-culture 

has no increase in cell mortality (Figure 29F).  

In brief, the immune cells from the donor pools do not elicit a reaction when paired with each 

other, indicating the potential for combining these donors in experimental settings.  
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Figure 29. The characterization of T-lymphocytes and monocyte-derived Langerhans cells (MoLC) from the 

autologous versus allogeneic co-culture. MoLC and CD4+ naïve T-lymphocytes from the same donor (autologous) or 

different donor (allogenic) were co-cultured in Mix2 medium for three days. Afterward, the immune cells were 

harvested for the flow cytometry analysis. T-lymphocytes were labeled with (A) anti-CD45RA, (B) anti-CCR7, and (C) 

anti-CD69 antibodies. CD45RA and CCR7 are naïve T-lymphocyte characterization markers. CD69 is an early activation 

marker of T-lymphocytes. D&F) Cell mortality was determined using 7-AAD. The high 7-AAD MFI reflects high cell 

mortality. E) MoLC maturation was measured from the expression of CD86. Data are presented as mean ± SD. 

Statistical analysis was performed using a paired T-test. The p-values <0.05 (*), <0.01 (**), and <0.001 (***) are 

indicated. n=3 

4.4.2.2  Interaction Dynamics among T-lymphocytes, MoLC, and HFDK 

Following the investigation of autologous and allogenic co-cultures of immune cells, the influence 

of HFDK in the co-culture setup was examined. All cells originate from the same donor in 

autologous co-culture, whereas in allogenic co-culture, each cell comes from a different donor. 

From the T-lymphocytes aspect, the results demonstrate that the levels of CD45RA are comparable 

between the two culture conditions (Figure 30A). Interestingly, a noteworthy trend indicates 

upregulation of CCR7 in allogenic co-culture, as well as upregulation of CD69 MFI and 7AAD MFI 

in autologous co-culture (Figure 30B-D). However, these findings lack statistical evidence to 

highlight the differences. Furthermore, the cultivation of MoLC with autologous HFDK and T-

lymphocytes does not seem to promote the expression of CD86 compared to MoLC cultivated in 
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an allogenic setting (Figure 30E). Additionally, the autologous cultivation setting does not result in 

reduced or increased mortality of the cells (Figure 30F).  

Autologous cultivation does not appear to have an advantage over allogenic co-culture regarding 

the auto-activation level or the cell characterization marker expression.  

 

Figure 30. The characterization of T-lymphocytes and monocyte-derived Langerhans cell (MoLC) from the autologous 

versus allogeneic co-culture of three cell types. MoLC and CD4+ naïve T-lymphocytes from the same donor or different 

donor were co-cultured with matching hair follicle-derived keratinocytes (HFDK-autologous) or non-matching HFDK 

(allogenic) in Mix2 medium for three days. Afterward, the immune cells were harvested for the flow cytometry analysis. 

T-lymphocytes were labeled with (A) anti-CD45RA, (B) anti-CCR7, and (C) anti-CD69 antibodies. CD45RA and CCR7 are 

naïve T-lymphocyte characterization markers. CD69 is an early activation marker of T-lymphocytes. D&F) Cell mortality 

was determined using 7-AAD. The high 7-AAD MFI reflects high cell mortality. E) MoLC maturation was measured from 

the expression of CD86. Data are presented as mean ± SD. Statistical analysis was performed using a paired T-test. The 

p-values <0.05 (*), <0.01 (**), and <0.001 (***) are indicated. n=2-4 
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4.4.3   Sensitivity to DNCB of The Three-Cell Culture  

Building upon the established experimental conditions, the co-culture of the three cell types in 

Mix2 medium for three days provides an appropriate and stable environment for the investigation. 

Importantly, this co-culture setup has consistently failed to induce T-lymphocyte activation, which 

aligns with the prior observations. The current research objective is to evaluate the responsiveness 

system to skin sensitizers, with DNCB, a widely acknowledged extreme sensitizer, selected as the 

test agent. 

Flow cytometric analysis after DNCB exposure has elucidated persistent CD45RA and CCR7 

expression levels across treated and untreated cohorts, regardless of tested DNCB concentration 

(Figure 31A&B). Notably, while there is a trend towards CD69 upregulation, it fails to attain 

statistical significance (Figure 31C). The exclusive significant response presents in the positive 

control group, thereby validating the integrity of the experimental design. DNCB treatment exerts 

no significant effect that leads to changes in the mortality of the cells, as reflected by unaltered 

7AAD levels (Figure 31D). In the co-culture setting, DNCB concentration did not increase T-

lymphocyte mortality. However, when T-lymphocytes are cultured alone, DNCB shows cytotoxic 

effects at concentrations as low as 1 µM (see Chapter 4.3.3 Figure 25).  

Furthermore, the MoLC did not exhibit upregulation of the maturation marker (CD86) after 

treatment with either DNCB or the positive control (Figure 31E). In terms of cell mortality, the 

treatment demonstrated a progressive trend of 7-AAD corresponding to the increase in DNCB 

concentration and the positive control indicating the increase in cell mortality. It is important to 

note that the treatment's effect on cell mortality did not reach statistical significance (Figure 31F).  

In summary, the three cell co-culture system, currently under scrutiny regarding its reactivity 

towards DNCB, surprisingly resulted in unresponsiveness to this extreme sensitizer. This outcome 

poses substantive questions concerning the utility of this assay for skin sensitizer assessment, 

thereby necessitating further refinement and exploration of the experimental framework. 
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Figure 31. The effect of 2,4-Dinitrochlorobenzene (DNCB) on T-lymphocyte and monocyte-derived Langerhans cells 

(MoLC) from the three cells co-culture. T-lymphocytes were co-cultured with hair follicle-derived keratinocytes (HFDK), 

and MoLC in Mix 2 medium. The co-culture was treated with 0.1 or 5 µM DNCB. The co-culture was incubated with the 

DNCB for three days. Afterward, T-lymphocytes were labeled with (A) anti-CD45RA, (B) anti-CCR7, and (C) anti-CD69 

antibodies. CD45RA and CCR7 are naïve T-lymphocyte characterization markers. CD69 is an early activation marker of 

T-lymphocytes. D&F) Cell mortality was determined using 7-AAD. The high 7-AAD MFI reflects high cell mortality. E) 

MoLC maturation was measured from the expression of CD86. The results are presented as mean ± SD. The data was 

statistically analyzed using one-way ANOVA with Dunnett correction for multiple comparisons. The p-values <0.05 (*), 

<0.01 (**), and <0.001 (***) are indicated. n=3-8 

The research has revealed intriguing aspects of how MoLC, T-lymphocytes, and HFDK interact in 

skin sensitization studies. According to the expression of CD86, the results demonstrate MoLC 

maturation in the presence of HFDK. The autologous and allogeneic co-culture findings suggest 

that donors do not play a role in this maturation, underlining the interaction between the MoLC 

and the HFDK. 

Moreover, these findings focus on how co-culturing MoLC with T-lymphocytes or T-lymphocytes 

and HFDK did not trigger T-lymphocyte activation. This fact could be advantageous for other 
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experiments involving the co-cultivation of these two cells. Subsequent experiments revealed a 

self-activation tendency in MoLC in the presence of HFDK within the co-culture setup. This self-

activation did not result in the effective processing and presentation of new antigens to T-

lymphocytes. Consequently, the initially chosen method was deemed unsuitable for testing skin 

sensitizers.  

In conclusion, the research highlights the complexities of understanding skin sensitization 

mechanisms and how these cell types interact. Although the initial expectations were not met, 

these unexpected findings emphasize the need for ongoing investigation and improvement of the 

experimental approach.  
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4.5   Advances in Immunocompetent Skin Models from Hair Follicle Cells  

According to previous results, the simple two-dimensional (2D) co-culture in the well has not led 

to the expected outcomes. Therefore, the method was re-evaluated. It is unclear if the over-

activation of MoLC led to the unresponsiveness of the whole system to the stimulants, or it could 

be that it is simply unsuitable for culturing the cells in a 2D environment. It is evident that the 3-

dimensional (3D) environment is closer to the physiological environment and can promote cell 

differentiation reflecting the phenotype found in physiological skin (Huang et al., 2022). RHS are 

often matured in a transwell plate to achieve the air-liquid interface culture. Additionally, Gibbs et 

al. also used transwell cultivation for the LC migration to test skin sensitizers (Gibbs et al., 2013). 

Due to this fact, the immunocompetent skin models (ImmuSkin) were developed by combining 

the idea of both skin models and transwell migration assay with the addition of T-lymphocytes to 

increase the resemblance to the physiological skin.  

4.5.1   Character of The RHS from Hair Follicle-derived Cells  

The RHS-HFD were compared to the RHS-FD. Both were built using the same method, and these 

skin models were subjected to cryosectioning and subsequent staining with H&E staining as well 

as IF staining techniques targeting CK10, CK14, loricrin, and claudin.  

Subsequent analysis of H&E and IF staining revealed loricrin, CK10, CK14, and claudin localization 

patterns in both RHS-FD and RHS-HFD. H&E staining showed similar patterns in both RHS-FD and 

RHS-HFD, with the dermis appearing pink and the epidermis pale pink/purple, while the stratum 

corneum exhibited a darker pink/purple color. Nuclei in all layers were stained dark purple. In the 

epidermis, keratinocytes displayed larger, round nuclei, particularly in the lower epidermal layers, 

with nuclei becoming flatter as cells migrated upward. The dermal layer comprised elongated cells 

with smaller nuclei, characteristic of fibroblasts. both RHS-FD and RHS-HFD exhibited fully 

stratified epidermis (Figure 32A&B). 

In the IF staining, CK14 was expressed from the stratum basale to the stratum granulosum in RHS-

FD and RHS-HFD. CK10 was expressed in the stratum spinosum and stratum granulosum, while 

loricrin was found in the stratum granulosum and stratum corneum. Claudin, a marker for tight 

junction, appears to be within the stratum granulosum layer in both types of RHS (Figure 32A&B).  

The epidermal thickness of RHS-FD measured 193 µm, while RHS-HFD measured 137 µm. The 

difference in these measurements was not statistically significant (Figure 32C), suggesting that 

RHS-HFD and RHS-FD have similar effects overall. This finding is consistent with the hypothesis and 

supports the potential of RHS-HFD as an alternative to RHS-FD. 
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Figure 32. The comparison of reconstructed human skin models from foreskin-derived cells (RHS-FD) and hair follicle-

derived cells (RHS-HFD). Reconstructed human skin models (RHS) were sectioned and stained with Hematoxylin and 

Eosin (H&E) staining and immunofluorescence (IF) staining to assess marker expression and morphology. Both types of 

RHS were stained for cytokeratin 14 (CK14)-green, cytokeratin 10 (CK10)-red, loricrin-red, and claudin-green. CK14 

signified stratum basale. CK10 is the marker for stratum spinosum and granulosum. Stratum corneum is characterized 

by loricrin. The tight junction of the cells is presented by Claudin. Scale bar = 100 µm. Epidermal thickness was measured 

using the measuring function in ImageJ based on the scale bar. A) the representative microscopic pictures of RHS-FD. B) 

the representative microscopic picture of RHS-HFD. C) Epidermal thickness of RHS-FD and RHS-HFD. 4′,6-diamidino-2-

phenylindole (DAPI-blue) was used as nuclei marker. White dotted lines in the result of IF staining indicate the border of 

the epidermal and dermis layers, the epidermal layer being the upper layer and the dermis being the lower layer. Data 

are presented as mean ± SD. The paired T-test was used to analyze the data statistically. The p-values <0.05 (*), <0.01 

(**), and <0.001 (***) are indicated. n=3. 

4.5.2   Optimal Culture Conditions for Skin Models  

Before introducing the immune cells into the RHS-HFD, it is necessary to determine the medium 

that can harmonize all aspects of this model. The three types of cells were cultivated together in 

the 2D environment in standard RHS medium (KDM), the Mix2 medium (50% RPMI1640 + 50% 

KGM-2 wo HC), which was preferred in the previous experiments with 2D co-culture, the mix of 

50% RPMI1640 basal and 50% KDM (RKD1), or the DC generation medium. The cells were 

cultivated together for three days and characterized using flow cytometry. 
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The result shows that the level of CD1a, which is known to be the characterization marker of pan 

DC, appeared to be lower when the cells were cultured in KDM and RKD1 than in Mix2 and in the 

DC generation medium. In contrast, the level of CD207, an LC characterization marker, appeared 

to be significantly higher in the cells from KDM and RKD1 than in Mix2. The cells cultured in the 

DC generation medium have a comparable level of CD207 as the cells cultured in the Mix2. From 

the characterization marker alone, KDM or RKD1 seems favorable for the co-culture. However, the 

cells cultivated in these media appear to have significantly higher maturation marker levels than 

those cultivated in Mix2. The cells from the DC generation medium have comparable levels of 

maturation marker as the cells in Mix2. Lastly, the cells cultivated in KDM and RKD1 demonstrated 

significantly higher 7AAD levels than those from Mix2, while the cells from Mix2 had higher 7-AAD 

levels than those cultivated in the DC generation medium (Figure 33). The low 7-AAD level of the 

cells cultured in the DC generation medium indicates that the cells are the most viable in the 

medium compared to other tested media.  

From the T-lymphocyte side, the result points to the trend of a slightly higher early activation 

marker in KDM and the lowest early activation marker in the DC generation medium without being 

statistically significant. The level of the late activation marker and 7-AAD are comparable in all 

tested media. The result indicates that the T-lymphocytes are not activated by the different 

components in the medium alone, and the medium does not increase the mortality of the cells 

either (Figure 34).  

In conclusion, the DC generation medium appears to be the most beneficial medium for 

harmonizing immune cells with skin models. The significant differences between cells from each 

medium are in the level of CD207, CD86, and 7AAD, where KDM and RKD1 not only promote the 

CD207 expression but also induce a higher level of CD86 expression and lead to more cell death 

than the other two media. In comparing Mix2 and the DC generation medium, the DC generation 

medium has significantly resulted in lower cell mortality than Mix2. Apart from these results, Mix2 

is the combination of RPMI1640 with KGM-2 wo HC, which the KGM-2 or KGM-2 wo HC are not 

suitable for the skin model as it prevents the keratinocytes from differentiating and forming the 

stratum corneum. Moreover, different media do not appear to influence T-lymphocytes based on 

the investigation of CD45RA, CCR7, CD69 marker presentation, and T-lymphocyte mortality. 

Considering this, the DC generation medium is the most suitable medium for immunocompetent 

skin models (ImmuSkins). 
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Figure 33. Characterization of monocyte-derived Langerhans cells (MoLC) from co-culture in different media. MoLC 

were co-cultured with T-lymphocytes and hair follicle-derived keratinocytes (HFDK) in a well for three days in one of the 

following media, 1:1 RPMI 1640 basal: KGM-2 without hydrocortisone (Mix2), Keratinocyte differentiation medium 

(KDM), 1:1 RPMI1640 basal: KDM (RKD1), or DC Generation Medium. Cells were collected for flow cytometry and stained 

with anti-CD1a-FITC (pan dendritic cells characterization marker), anti-CD207-APC (Langerhans cells characterization 

marker), and anti-CD86-BV605 (Langerhans cell maturation marker). Cell mortality was determined by 7-AAD staining. 

The higher 7-AAD level indicates the higher cell mortality. Data are presented as mean ± SD. Ordinary one-way ANOVA 

with Dunnett’s correction for multiple comparisons was used to analyze the data. The p-values <0.05 (*), <0.01 (**), and 

<0.001 (***) are indicated. n=3-6. 
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Figure 34. The characterization of T-lymphocytes from the co-culture in different media. T-lymphocytes were co-

cultured with monocyte-derived Langerhans cells (MoLC) and hair follicle-derived keratinocytes (HFDK) in a well for 

three days in 1:1 RPMI 1640 basal: KGM-2 without hydrocortisone (Mix2), Keratinocytes differentiation medium (KDM), 

1:1 RPMI1640 basal: KDM (RKD1), or DC Generation medium. The cells were collected for flow cytometry. The cells 

were stained with anti-CD69-BV421 (T-lymphocytes early activation marker), and anti-CD25-PE (T-lymphocytes late 

activation marker). Cell mortality was determined by 7-AAD staining. The higher 7-AAD level indicates the higher cell 

mortality. Data are presented as mean ± SD. Ordinary one-way ANOVA with Dunnett’s correction for multiple 

comparisons was used to analyze the data. The p-values <0.05 (*), <0.01 (**), and <0.001 (***) are indicated. n=3-6. 

4.5.3   Characterization of The ImmuSkins 

To confirm that immune cells do not adversely affect the structural integrity of the 

immunocompetent skin models (ImmuSkins), an evaluation was conducted on three distinct 

variations, which are ImmuSkin integrating both MoLC and T-lymphocytes (ImmuSkin-MT), 

ImmuSkin containing solely MoLC (ImmuSkin-M), and ImmuSkin featuring only T-lymphocytes 

(ImmuSkin-T). The ImmuSkins comprised a three-layer construct placed on the cell culture insert, 

with the option of including or excluding T-lymphocytes in the lower chamber of the transwell. 

ImmuSkin-M was constructed by creating a MoLC-incorporated collagen matrix and placing the 

mature RHS on top of it, resulting in a three-layer construct composed of the epidermis, the 

dermis, and the immune cell-containing subdermal layer. These three layers were positioned on 

an insert of a transwell plate. The lower chamber of the transwell of ImmuSkin-M contains only 

DC generation medium. In contrast, ImmuSkin-T was constructed with an acellular collagen matrix 

instead of a collagen matrix containing MoLC and the addition of T-lymphocytes in the lower 

chamber of the transwell, simulating the lymph node area (Figure 36). Lastly, the ImmuSkin-MT 

had a similar three-layer structure as the ImmuSkin-M, with T-lymphocytes in the lower chamber 

of the transwell. The three-layer construct was frozen and cryosectioned while the cells in the 

lower chamber were taken for flow cytometry analysis.  
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Results obtained from H&E staining demonstrate that all ImmuSkins exhibit a consistent three-

layer structure, comprising a stratified epidermis, dermis, and a subdermal layer, as expected. The 

subdermal layer differs, with an immune cell-containing subdermal layer in ImmuSkin-M and 

ImmuSkin-MT or an acellular subdermal layer in ImmuSkin-T. In the immune cell-containing 

subdermal layer, visible dark purple dots indicate cell nuclei, while such nuclei are absent in the 

acellular subdermal layer (Figure 35A). 

Furthermore, the thickness of the epidermal layer was assessed in each ImmuSkin variant. The 

analysis yielded comparable results, reaffirming that the presence or absence of immune cells 

does not significantly influence keratinocyte differentiation (Figure 35B).  

 

The results of the IF staining indicate consistent expression patterns across all ImmuSkins. Loricrin 

is present in the stratum corneum. CK14 is the marker for the stratum basal, and CK10 indicates 

the stratum spinosum and granulosum of the epidermis because CK14 is related to the basal state 

of the keratinocytes, while CK10 represents the differentiated keratinocytes. CK14 was found 

expressed in the stratum basal and CK10 was found in the layer of stratum spinosum and stratum 

granulosum of both RHS-FD and RHS-HFD as expected. loricrin is a known marker for the cornified 

layer in epidermis or stratum corneum, which can also be found in the stratum corneum of both 

types of RHS.  

Moreover, the claudin expression is found in a similar location of RHS-FD and RHS-HFD. In both 

RHS, claudin was found to be expressed in the stratum granulosum. Claudin is the marker for tight 

junction and is more commonly associated with the stratum granulosum, which is a higher layer 

in the epidermis. 

CD1a+ cells are exclusively found in the subdermal layer of ImmuSkin-M and ImmuSkin-MT. No 

DAPI signal was observed in subdermal layer of ImmuSkin-T, confirming the absence of cells in that 

layer.  

As expected, T-lymphocytes tagged with CFSE are not detected in the three-layer construct of 

either ImmuSkin-M, ImmuSkin-T, or ImmuSkin-MT, indicating that they do not migrate from the 

lower chamber of the transwell into the three-layer construct. The appearance and epidermal 

hallmark markers in ImmuSkin-M and ImmuSkin-T are similar to ImmuSkin-MT (Figure 36), 

validating the structural integrity of the models.  

The flow cytometry analysis of cells from the lower chamber of the transwell demonstrates that 

the ImmuSkin-M exhibits only CD1a+ cells (MoLC) and ImmuSkin-T exhibits only CD4+ cells (T-

lymphocytes). The ImmuSkin-MT contains both CD1a+ and CD4+, indicating that both MoLC and T-

lymphocytes are present in the lower chamber of the transwell (Figure 37A). The baseline 

comparison of MoLC migration and the MFI of CD86 between ImmuSkin-M and ImmuSkin-MT is 
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comparable, indicating that the presence of T-lymphocytes does not hinder MoLC maturation and 

migration, as expected (Figure 37B&C). Furthermore, a comparison of T-lymphocyte proliferation 

between ImmuSkin-T and ImmuSkin-MT reveals a significant increase in proliferation in the 

presence of MoLC (Figure 37D), underscoring the critical role of MoLC in promoting T-lymphocyte 

activation and proliferation.  

These results indicate that the ImmuSkin-MT shows success of integrating MoLC and including T-

lymphocytes in the lower chamber of the transwell without compromising the structural integrity 

of the three-layer construct. The results also show that MoLC can migrate and mature in both 

ImmuSkin-MT and ImmuSkin-M, while T-lymphocytes can only proliferate in ImmuSkin-MT, where 

MoLC are present. These results confirm that the ImmuSkin-MT can reproduce the essential 

features of the skin immune system, such as the cross-talk between MoLC and T-lymphocytes. 
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Figure 35. The characterization of the three-layer constructs from ImmuSkin-MT, ImmuSkin-M, and ImmuSkin-T 

using Hematoxylin and Eosin (H&E) staining. Each ImmuSkin type is illustrated to show its respective cell composition, 

followed by (A) representative microscopic images from H&E staining. The scale bar is 100 µm. The three-layer 

construct which contains epidermis, dermis, and subdermal layer of each ImmuSkin variant are shown. B) Epidermal 

thickness of each ImmuSkin type. Data are presented as mean ± SD. Ordinary one-way ANOVA with Tukey’s correction 

for multiple comparisons was used to analyze the data. Scale bar = 100 µm. The p-values <0.05 (*), <0.01 (**), and 

<0.001 (***) are indicated. n=3. 
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Figure 36. The characterization of the three-layer constructs from ImmuSkin-MT, ImmuSkin-M, and ImmuSkin-T 

using immunofluorescence (IF) staining. Each ImmuSkin type was illustrated to depict its three-layer construct which is 

composed of the epidermis, dermis, and subdermal layer and followed by representative microscopic images from IF 

staining. The ImmuSkins were stained against loricrin-red, cytokeratin 14 (CK14)-green, cytokeratin 10 (CK10)-red, and 

dendritic cell characterization marker which is CD1a-green. 4′,6-diamidino-2-phenylindole (DAPI-blue) was used as a 

nucleus counter-staining. CK14 signified stratum basale. CK10 is the marker for stratum spinosum and granulosum. 

Stratum corneum is indicated by loricrin. The carboxyfluorescein succinimidyl ester (CFSE-green) is an indicator of T-

lymphocytes, which are absent from the epidermis, dermis, and subdermal layer. A magnified view is highlighted within 

a small square box, focusing on the subdermal region to showcase the detailed distribution of CD1a+ cells in the 

subdermal layer. The epidermis and (continued from the previous page) dermis are separated by a white dotted line. In 

some pictures, a membrane of the transwell insert is presented in a bright yellow-green strip. Scale bar = 100 µm. n=3. 
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Figure 37. The comparison of cells obtained from the lower chamber of transwell of ImmuSkin-MT, ImmuSkin-M, and 

ImmuSkin-T. Cells collected from the lower chamber of each ImmuSkin variant were subjected to flow cytometry 

analysis and stained with CD1a-FIT-C (pan dendritic cell marker), CD86-BV605 (Langerhans cell maturation marker), 

and anti-CD4-APC-cyanine-7 (CD4+ T-lymphocyte marker). A) Each ImmuSkin type was illustrated to depict its respective 

cell composition. Representative dot plots indicate T-lymphocyte populations and monocyte-derived Langerhans cells 

(MoLC) from each ImmuSkin type. The upper left of the quadrant represents T-lymphocytes, while MoLC are represented 

by the lower right of the quadrant. B) MoLC migration rate, C) MoLC maturation, and D) T-lymphocyte proliferation. 

The black bar represents immune cells from ImmuSkin-M, the striped bar represents immune cells from ImmuSkin-T, 

and the gray bar represents (continued from the previous page) immune cells from ImmuSkin-MT. The data is presented 

as mean ± SD, and statistical significance is indicated as p-values <0.05 (*), <0.01 (**), and <0.001 (***). The paired t-

test was employed for statistical analysis. n=3. 

This study highlights the significance of selecting an appropriate medium for cultivating immune 

cells within skin models. The DC generation medium emerges as the most favorable choice, 
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demonstrating superior characteristics in terms of CD207, CD86 expression, and lower cell 

mortality. Notably, KDM and RKD1 show promising results in certain aspects but are accompanied 

by higher cell death rates. In contrast, Mix2 exhibits limitations due to its impact on keratinocyte 

differentiation. 

Furthermore, integrating immune cells into skin models proves successful, with no adverse effects 

on the epidermal layer's thickness or keratinocyte differentiation. The structural integrity of the 

models remains intact, and the essential features of the skin immune system, such as dendritic cell 

layers and MoLC-T-lymphocyte cross-talk, are successfully replicated in the ImmuSkin-MT model. 

In conclusion, this novel immunocompetent skin model provides a more biologically relevant 

platform for studying skin sensitization processes. Key immune cells offer valuable insights into the 

interplay between different immune components and potentially contribute to the development 

of improved skin sensitization assays. 

4.6   Application of Immunocompetent Skin Models in Sensitizers Detection  

Having successfully developed immunocompetent skin models containing both MoLC and T-

lymphocytes, the next step requires evaluating their performance. In vitro models, although 

straightforward, can be tailored to detect specific pivotal events within the AOP. Based on such 

knowledge, in vitro models covering KE 1, 2 or 3 have been proposed and implemented into the 

OECD guidelines (OECD, 2022, 2023d, 2023c). Although current OECD-approved in vitro models 

can address these key events, they fall short of covering KE 4 and combining different key events 

in one assay. Thus, the OECD suggests a combination of in vitro skin sensitization assays with other 

tests to evaluate the response (OECD, 2023a). The ImmuSkin-MT, offering the possibility to detect 

multiple key events in a single assay, introduces a higher level of complexity to in vitro skin 

sensitization models, bridging some of the gaps between their simplicity and the intricacy of in 

vivo models.  

Each ImmuSkin was topically treated with a skin sensitizer from each potency class. The potency 

class of the skin sensitizers is considered based on the effective concentration (EC3) value from the 

LLNA assay (Kimber et al., 2003). The RN was used as a representative of the moderate skin 

sensitizer. IG was selected as the strong skin sensitizer. The PPD and DNCB were selected for the 

extreme skin sensitizer. A vehicle (DMSO), a non-sensitizer (Gly), and a positive control, along with 

an UT, were included in the experiment. The cocktail of inflammatory cytokines, with or without 

T-cell activator, served as the positive control. After 24 hours of the treatment, ImmuSkin-MT was 
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frozen and prepared for the IF staining and H&E staining. The cells in the lower chambers were 

harvested for flow cytometry analysis.  

The H&E results indicate that the ImmuSkin-MT has a three-layer structure comprising the 

stratified epidermis, the dermis, and the subdermal layer. The entire epidermis and the stratum 

corneum appeared dark pink, while the dermis and the subdermal layer had light pink 

characteristics. The cell nuclei were stained dark purple and found in all ImmuSkin-MT layers 

(Figure 38A).  

The IF staining reveals that the appearance of the three-layer construct from the ImmuSkin-MT 

remains consistent between the treated and untreated conditions. The loricrin expression 

represents the stratum corneum, and CK10 expression marked the stratum granulosum and 

stratum spinosum. Lastly, the stratum basale was characterized by the expression of CK14. CD1a 

indicated the MoLC in the subdermal layer. Notably, CK10, CK14, CD1a, and loricrin are consistently 

present across all conditions. The CFSE signal, which is the signal of T-lymphocytes, is absent in the 

epidermal, dermal, and subdermal layers of every model, indicating that the T-lymphocytes did 

not migrate from the lower chamber to the three-layer construct. (Figure 38B). 

To further assess the impact of treatment on ImmuSkin-MT, the epidermal thickness was 

measured and normalized to the untreated control. The results demonstrate no significant 

difference between the treated and untreated conditions, confirming that the treatments did not 

induce any observable changes in the appearance of the skin models (Figure 38C). 

MoLC exhibited a significant increase in migration rate and upregulated CD86 in response to IG 

(1.4-times migration), DNCB (1.8-times migration and 1.5-times CD86 MFI upregulation), or PPD 

(2-times migration and 1.5-times CD86 MFI upregulation). The positive control resulted in the 

highest migration rate (3-times) and CD86 MFI upregulation (2.4-times) (Figure 39A). Moreover, 

analysis of the maturation marker of these migrated MoLC showed notable increases in CD86 MFI 

compared to baseline in the ImmuSkin-MT treated with DNCB (1.8-times), PPD (1.8-times), or the 

positive control (2.5-times) (Figure 39B). Thus, the results are consistent with the literature that 

the more potent skin sensitizers (DNCB and PPD) induce the highest migration and maturation of 

MoLC and therefore the influence on migration rate and CD86 upregulation of MoLC is reduced 

with decreasing sensitizing potential of the substances. Additionally, a viability analysis of the 

migrated cells demonstrated cell viability above 90% across all experimental conditions (Figure 

40A). The results confirm that the observed effects are not due to cytotoxicity. 
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To assess T-lymphocyte response to treatments, the SI was calculated by normalizing proliferated 

T-lymphocytes of the treated ImmuSkin-MT to the untreated ImmuSkin-MT. The results showed 

significantly higher SI in ImmuSkin-MT treated with RN, IG, DNCB, PPD, or the positive control 

compared to the untreated control by 1.8, 2.1, 2.6, 2.4, and 3.1 times, respectively (Figure 39C). 

Thus, T-lymphocyte proliferation corresponds to the classification of sensitizing substances found 

in the literature; the most sensitizing substances (PPD and DNCB) lead to the highest T-lymphocyte 

proliferation. Furthermore, T-lymphocyte viability remained over 90% after every treatment 

(Figure 40B). These findings again indicate that the observed effects at these concentrations are 

not caused by cytotoxicity. 

Interestingly, a comparable proportion of response was observed in ImmuSkin-M, where MoLC 

significantly migrated out from the three-layer construct into the lower chamber in response to IG 

(1.4-times), DNCB (2-times), PPD (1.9-times), and the positive control (2.4-times) compared to the 

untreated control (Figure 39D). The migrated MoLC also significantly upregulated CD86 MFI when 

ImmuSkin-M was treated with DNCB (1.9-times), PPD (1.8-times), and the positive control (2.5-

times) (Figure 39E). In contrast to the results from ImmuSkin-MT, the response of T-lymphocytes 

from ImmuSkin-T, where MoLC were absent, measured by the SI, did not increase from any 

treatment except for the positive control, confirming the importance of MoLC in the T-lymphocytes 

response to skin sensitizers (Figure 39F). Analogous to the results from ImmuSkin-MT, the 

treatments appear to have no negative effect on the viability of MoLC from ImmuSkin-M and T-

lymphocytes from ImmuSkin-T (Figure 40C&D).  

These results demonstrate that the migration and maturation of MoLC and the proliferation of T-

lymphocytes in ImmuSkin-MT correspond to different potencies of skin sensitizers. The positive 

control showed the most substantial effects, followed by the extreme sensitizer PPD and DNCB, 

the moderate sensitizer IG, and the weak sensitizer RN. The ImmuSkin-M also showed similar 

responses of MoLC to the treatments. In contrast, the ImmuSkin-T did not show any significant 

response of T-lymphocytes to the treatments, except for the positive control, confirming the 

importance of MoLC in the process of T-lymphocyte activation by skin sensitizers.  

In conclusion, the results confirm that the ImmuSkin-MT demonstrates a remarkable capacity to 

faithfully recapitulate the intricate skin sensitization phase observed in physiological skin. Notably, 

this includes the migration and maturation of LCs, along with the dynamic cross-talk between LCs 

and T-lymphocytes in response to skin sensitizers. Accompanied by the results from ImmuSkin-M 

and ImmuSkin-T, the immunocompetent skin models can simulate the immunological response 

events that occur in physiological skin. 
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Figure 38. The characterization of the three-layer construct of the ImmuSkin-MT after treatment with various 

skin sensitizers.  
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Figure 38. (continue from the previous page). The characterization of the three-layer construct of the ImmuSkin-MT 

after treatment with various skin sensitizers. ImmuSkin-MT was treated with one of the following compounds for 24 

hours, 0.1% DMSO, 500µM Glycerol (Gly),  250µM Resorcinol (RN), 300µM Isoeugenol ( IG),  5µM 2,4-

Dinitrochlorobenzene (DNCB), 10µM P-Paraphenylenediamine (PPD), and a positive control (TNF-α + IL-1β). The 

untreated control (UT) was included. 4′,6-diamidino-2-phenylindole (DAPI-blue) was used as a nucleus counter-

staining. Cytokeratin 14 (CK14) signified stratum basale. Cytokeratin 10 (CK10) is the marker for stratum spinosum and 

granulosum. Stratum corneum is indicated by loricrin. CD1a is an indicator for dendritic cells. A) Hematoxylin and eosin 

(H&E) staining results. B) Immunofluorescent (IF) staining results against loricrin (red), CD1a (green), CK10-red, and 

CK14-green. The carboxyfluorescein succinimidyl ester (CFSE-green) is an indicator of T-lymphocytes, which are absent 

from the epidermis, dermis, and subdermal layer.  C) Epidermal thickness was normalized to the untreated control. 

The bright yellow-green strip indicates the transwell insert membrane. The white dotted line represents the border 

between the epidermis and the dermis. Scale bar = 100µm. Data are presented as mean ± SD. Statistical significance is 

indicated as *p-value ≤ 0.05, assessed using Ordinary One-Way ANOVA with Dunnette correction for multiple 

comparisons. The black dotted line in the graph represents the baseline. n = 3. 
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Figure 39. Skin sensitizers induce migration, maturation, and T-lymphocyte activation in ImmuSkins. ImmuSkins 

comprise three variants, which are ImmuSkin-M, ImmuSkin-T, and ImmuSkin-MT.  
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Figure 39. (continue from the previous page) Skin sensitizers induce migration, maturation, and T-lymphocyte 

activation in ImmuSkins. ImmuSkins comprise three variants, which are ImmuSkin-M, ImmuSkin-T, and ImmuSkin-MT. 

These variants were exposed to 0.1% DMSO (vehicle control), 500µM Glycerol (Gly), 250µM Resorcinol (RN), 300µM 

Isoeugenol (IG), 5µM 2,4-Dinitrochlorobenzene (DNCB), and 10µM Paraphenylenediamine (PPD) for 24 hours. For 

ImmuSkin-MT and ImmuSkin-T, IL-1β, TNF-α, and a T-cell activator were used as positive controls, whereas for ImmuSkin-

M, only IL-1β and TNF-α served as positive controls.  Cells collected from the lower chamber of each ImmuSkin variant 

were subjected to flow cytometry analysis staining against CD86, CD1a, and CD4. The response to treatment was 

assessed by measuring the migration and maturation of monocyte-derived Langerhans cells (MoLC) and the stimulation 

index (SI) of T-lymphocytes. The MoLC migration rate was determined using flow cytometry. The SI was calculated from 

the proliferation rate of T-lymphocytes. A) MoLC migration normalized to the untreated control (UT) in ImmuSkin-MT. B) 

CD86 mean fluorescence intensity (MFI) normalized to the UT in ImmuSkin-MT. C) SI of T-lymphocytes in ImmuSkin-MT. 

D) MoLC migration normalized to UT in ImmuSkin-M. E) MoLC maturation normalized to UT in ImmuSkin-M. F) SI of T-

lymphocytes in ImmuSkin-T. Data are presented as mean ± SD. Statistical significance is indicated as *p-value ≤ 0.05, 

assessed using Ordinary One-Way ANOVA with Dunnette correction for multiple comparisons. The dotted line represents 

the baseline. n = 3. 

 



102 
 

 

Figure 40. Viability of the cells from ImmuSkin-M, ImmuSkin-T and ImmuSkin-MT. ImmuSkin-M, ImmuSkin-T, and 

ImmuSkin-MT were exposed to 0.1% DMSO, 500 µM Glycerol (Gly), 250 µM Resorcinol (RN), 300 µM Isoeugenol (IG), 5 

µM 2-4 Dinitrochlorobenzene (DNCB), and 10 µM Paraphenylenediamine (PPD) for 24 hours. Cells collected from the 

lower chamber of each ImmuSkin variant were subjected to flow cytometry analysis and stained with 7 -AAD to 

determine viability. A) The viability of monocyte-derived Langerhans cells (MoLC) from ImmuSkin-MT. B) The viability 

of T-lymphocytes from ImmuSkin-MT. C) MoLC viability from ImmuSkin-M. D) The viability of T-lymphocytes from 

ImmuSkin-T. Statistical significance is indicated as *p-value ≤ 0.05, assessed using Ordinary One-Way ANOVA with 

Dunnette’s correction for multiple comparisons. 

The study successfully developed immunocompetent skin models, known as ImmuSkin-MT, which 

incorporate both MoLC and T-lymphocytes. These models aim to bridge the gap between in vitro 

and in vivo skin sensitization assays, providing a more complex and biologically relevant platform 

for assessing skin sensitization. In experiments using these models, various skin sensitizers of 

different potencies were applied topically, revealing significant MoLC migration and CD86 

expression as a response to the treatment. The highest responses were observed with extreme 

sensitizers, followed by moderate and weak sensitizers. Notably, the ImmuSkin-MT models also 

demonstrated T-lymphocyte proliferation in response to these sensitizers, highlighting the 
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importance of MoLC in the activation of T-lymphocytes. Comparatively, ImmuSkin-M, the 

ImmuSkin without T-lymphocytes, exhibited similar MoLC responses to the treatments. In 

contrast, ImmuSkin-T models, lacking MoLC, showed minimal T-lymphocyte activation, except for 

positive control. 

Overall, these results confirm the capacity of ImmuSkin-MT models to faithfully replicate the 

complex events of skin sensitization, including MoLC migration, maturation, and dynamic cross-

talk with T-lymphocytes in response to sensitizers. Together with ImmuSkin-M and ImmuSkin-T, 

these immunocompetent skin models can simulate the immunological response in physiological 

skin, offering a valuable tool for studying skin sensitization processes. 
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CHAPTER 5   DISCUSSION 

As we advance in chemistry, pharmacology, and biology, the synthesis of new chemical compounds 

has increased significantly. This surge highlights continual innovation, as evidenced by studies like 

Llanos et al. (Llanos et al., 2019), which demonstrate the frequent introduction of novel 

compounds. However, this rapid development necessitates stringent risk assessments to mitigate 

economic and health impacts, particularly concerning skin sensitization. The effective evaluation 

of skin sensitizers is crucial for preventing health issues and minimizing medical costs while 

ensuring safety and regulatory compliance. The OECD and GHS have established guidelines to 

identify critical events in the AOP for skin sensitization (OECD, 2014). These guidelines aid in 

clarifying complex mechanisms—from protein binding to T-lymphocyte responses—and integrate 

various assays like the DPRA and KeratinoSens™. Nonetheless, gaps remain due to the lack of 

official recognition for several promising assays, underscoring the need for more comprehensive 

and physiologically relevant models. The immunocompetent skin models discussed aim to better 

replicate human skin physiology and provide a robust framework for evaluating the sensitization 

potential of new compounds, which could significantly improve risk prediction and management. 

5.1   Hair Follicles as an Alternative Source for Keratinocytes and Fibroblasts 

While juvenile foreskin has been a reliable source of fibroblasts and keratinocytes, it does come 

with limitations. It is primarily restricted to male donors and involves invasive methods. In 

contrast, hair follicles have emerged as a promising alternative source for these cells, offering a 

less invasive acquisition method. Hair follicle-derived cells (HFDs) can be sampled from each 

donor multiple times, collected from both male and female donors, and they do not require 

specialized equipment, making them more accessible.  

Keratinocytes, as evidenced by various studies, are commonly derived from the outer root 

sheath, a component of hair follicles containing undifferentiated keratinocytes (Limat & Hunziker, 

1996). The process of isolating keratinocytes from the hair follicles is well-established, allowing 

these cells to proliferate beyond the outer root sheath region when cultured on feeder cells (Bak 

et al., 2020; Lenoir-Viale et al., 1993; Limat & Hunziker, 1996; Wagner et al., 2018). Noteworthy is 

the substantial characterization dedicated to these cells, particularly emphasizing the unique 

properties of HFDK (Fusenig et al., 1994; Limat et al., 1991; Limat & Hunziker, 2002). 

While the origin of HFDK is extensively documented, the same cannot be said for HFDF. The 

precise location within the hair follicle where fibroblasts originate remains unclear, yet studies 

propose the pivotal involvement of the dermal papilla and the dermal sheath in hosting these 
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cells (Ganier et al., 2022; Zhou et al., 2016). Historically, researchers initially referred to cells from 

the dermal papilla region as dermal papilla cells (Messenger, 1984). Subsequent investigations 

revealed these cells to exhibit a spindle-shaped morphology reminiscent of dermal fibroblasts, 

albeit with more prominent cytoplasm (J. J. Wu et al., 2005). Notably, in vitro cultivation of 

dermal papilla cells has demonstrated their ability to support the development of epidermis, akin 

to the functions performed by fibroblasts (Oliver & Jahoda, 1988).  

Studies on rat dermal papilla cells have highlighted distinct molecular characteristics when 

compared to fibroblasts (Sleeman et al., 2000). Despite these differences, other research 

indicates a shared origin from progenitor cells for fibroblasts and dermal papilla (Yu et al., 2001; 

Zhao et al., 2019). Amidst the elusive evidence regarding the relationship between dermal papilla 

and fibroblasts, studies have successfully isolated fibroblasts by specifically extracting the dermal 

papilla from hair follicles and cultivating them on cell culture vessels (Topouzi et al., 2017, 2020; 

Williams & Thornton, 2020). Considering the cumulative evidence, the dermal papilla emerges as 

a potential source of fibroblasts. 

In this thesis, HFDK and HFDF have been extensively characterized compared to NHEK and NHDF 

sourced from anonymous juvenile foreskin donors. Using immunofluorescence staining and flow 

cytometry techniques, the results indicate that these cells exhibit comparable characteristics in 

terms of the expression of CK14, CK5, CD29, and CD49f. However, a significant difference in 

cytokeratin 10 (CK10) levels was observed, with HFDK showing higher levels compared to NHEK. 

Cytokeratin 14 (CK14) and cytokeratin 5 (CK5) , known as markers for undifferentiated 

keratinocytes, are also discussed (Alam et al., 2011; Dmello et al., 2019).  

CD29, also known as β1 integrin, is a transmembrane receptor primarily involved in cell-cell 

adhesion, typically localized to regions where cells make contact with one another (Larjava et al., 

1990). β1 integrin expressed the highest in basal keratinocytes. Furthermore, the synthesis of β1 

integrin is suppressed during the differentiation of keratinocytes (Hotchin et al., 1995; Levy et al., 

2000). In light of this information, the results strongly suggest that both HFDK and NHEK can 

effectively maintain an undifferentiated state. 

CD49f, or integrin α6, serves as a marker for identifying keratinocyte progenitors and 

characterizing the stem cell properties of these cells (Kligys et al., 2012; Krebsbach & Villa-Diaz, 

2017; Xu et al., 2019). Studies have demonstrated that higher levels of CD49f correlate with 

increased pluripotency in cells. Notably, both HFDK and NHEK exhibit similar levels of CD49f, 

indicating that one is not more differentiated than the other. 



106 
 

In contrast, the increase of CK10 levels, a recognized marker for early keratinocyte differentiation, 

reveals a notable disparity (L. Zhang & Zhang, 2018). HFDK exhibit significantly higher CK10 levels 

than NHEK. This outcome diverges from findings related to other markers and the results of other 

studies comparing NHEK and HFDK (Löwa et al., 2018; Sasahara et al., 2009). It is essential to 

consider that CK10 primarily signifies early differentiation reflecting that the HFDK start to 

differentiate earlier than NHEK. Interestingly, the HFDK are found to be proliferating much slower 

than the NHEK, which such observance contradicted by the another study (Sasahara et al., 2009). 

However, this problem was overcome by optimizing the cultivation method by switching from a 

standard keratinocyte medium (KGM-2) to DermaCult™, resulting in a much higher proliferation 

rate and preserving the undifferentiated state of the cells.  

The comparison between HFDF and NHDF isolated from foreskin donors is discussed. 

Characterization was carried out using flow cytometry and immunofluorescence staining. 

Additionally, the proliferation rates of HFDF and NHDF were compared. It was observed that 

HFDF required more time for proliferation compared to NHDF. This result is consistent with 

findings in previous studies, confirming it as one of the characteristic traits of HFDF (Arai et al., 

1989; Pisansarakit et al., 1991; J. J. Wu et al., 2005). The results indicated comparable levels of 

Vimentin and Collagen IV in both types of fibroblasts, aligning with findings from Löwa et al. 

(Löwa et al., 2018). Notably, NHDF exhibited a higher collagen type I level than HFDF. While this 

might be the first time this has been observed, the inherent cell heterogeneity may provide a 

plausible explanation. As a case in point, papillary and reticular fibroblasts, though residing in the 

same organ, serve distinct functions and exhibit varying levels of collagen type I secretion 

because they serve different purposes (Nolte et al., 2008; Sorrell & Caplan, 2004). This difference 

in collagen type I secretion can be attributed to the inherent cell heterogeneity and the primary 

function of dermal papilla fibroblasts, which is not focused on maintaining a cellular scaffold but 

rather on engaging in signaling interactions with overlying epithelial cells to regulate hair growth 

and cycling. As a result, they are naturally less predisposed to produce collagen type I to the same 

extent as skin fibroblasts despite having the capacity to synthesize it (Sorrell & Caplan, 2004).  

The differences between reticular and papillary fibroblasts can be determined by the level of 

CD90 expression, where papillary fibroblasts express CD90 and the reticular fibroblasts do not 

(Korosec et al., 2019; Rogovaya et al., 2021). However, it is essential to note that the prolonged 

culture of the papillary fibroblasts in vitro can lead to differentiation into the reticular type 

(Janson et al., 2013). Interestingly, more HFDF are CD90+ than NHDF. Taking the high expression 

of CD90 and the less collagen I secretion in HFDF in comparison to NHDF into consideration, the 
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results suggest that the HFDF has a higher resemblance to papillary fibroblasts and might be able 

to retain the undifferentiated state when cultured in vitro for longer than NHDF. 

Some additional common markers were used to detect fibroblasts, vimentin, CD10 and CD44. 

The HFDF and NHDF express similar levels of vimentin. Vimentin is an intermediate filament 

protein that is widely recognized as a marker of fibroblasts (Nomura, 2019; Tarbit et al., 2018). It 

contributes to cellular mechano-protection, which means it helps cells withstand mechanical 

stress. Vimentin is also involved in the regulation of cell migration and matrix remodeling 

(Ostrowska-Podhorodecka et al., 2022).  

CD44 is surface glycoprotein that involves in the regulation of extra cellular matrix production in 

fibroblasts (Tsuneki & Madri, 2016). Moreover, it has also been proposed as a robust marker of 

fibroblasts  (Quintani l la et  a l . ,  2014) .  CD10 is  a  cel l  surface enzyme with neutral 

metalloendopeptidase activity which can also be found expressing in skin appendages such as 

dermal sheath cells of hair follicles and is widely accepted as a fibroblasts marker (Itoh et al., 

2013; Xie, Moroi, et al., 2011; Xie, Takahara, et al., 2011). Moreover, the heterogeneity of 

fibroblasts is an emerging topic which has been thoroughly reviewed elsewhere (Griffin et al., 

2020; Sorrell & Caplan, 2004). Therefore, it is important to use a combination of markers to 

identify and characterize fibroblasts in the dermis accurately.  

While deeper characterization of hair follicles is suggested for studies beyond the scope of this 

thesis, hair follicles present a robust alternative source for keratinocytes and fibroblasts. The 

noninvasive nature of the method allows for multiple sampling from the same donor. Moreover, 

this approach eliminates the restriction to male donors, which is a limitation when using foreskin 

as a source. According to the characterization done in this thesis and other studies regarding the 

function of the cells, evidence has pointed out that HFDs can be used interchangeably with 

foreskin-derived cells within the scope of this thesis. 

5.2   Comparative Study of Autologous and Allogeneic Co-Cultures 

Using HFDs offers distinct advantages in terms of donor selection. Moreover, accessibility to the 

donor also opens the door to acquiring the blood sample from the hair follicle donor, leading to 

the feasibility of personalized autologous assays. However, allogenic assays also hold their unique 

advantage of flexibility and do not necessitate donor matching for their components. 

Nevertheless, it is worth noting that the idea of comparing autologous and allogeneic cell culture 

derived from the transplant rejection and graft-versus-host disease. The central theme of this 

disease is the interactions between donors and recipient immune cells, specifically LC, DC, and 
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naïve T-lymphocytes. Given that these cells are also the main players in skin sensitization, the 

question arises about whether allogenic assays can perform as effectively as autologous assays. 

Thus, part of this thesis aims to compare autologous and allogenic co-culture. 

The initial experiment involved the co-culture of keratinocytes and naïve CD4+ T-lymphocytes in 

both autologous and allogeneic settings. It is essential to mention that CD69 serves as an early 

activation marker for CD4+ T-lymphocytes, detectable as early as three hours after activation 

(Borges et al., 2007), and T-lymphocyte characterization markers, including CD45RA and CCR7, 

were used as readouts. The results revealed that co-cultivating keratinocytes and naïve CD4+ T-

lymphocytes from different donors did not lead to changes in the presentation of characterization 

markers or activation markers when compared to co-cultures using cells from the same donor. This 

finding is consistent with existing literature indicating that, under normal circumstances, 

keratinocytes do not trigger responses from naïve CD4+ T-lymphocytes, and they can only act as 

major histocompatibility complex class II (MHC-II) presenters after being treated with interferon-

gamma (IFN-γ) (Black et al., 2007; X.-W. Cai et al., 2017; Skov & Baadsgaard, 1996). Furthermore, 

professional APCs, which play a significant role in T-lymphocyte activation, were absent in this 

design. It has also been reported that LC can pick up keratinocyte-derived proteins or mRNA, 

process them into antigens, and present them to T-lymphocytes later (De La Cruz Diaz & Kaplan, 

2019; Rentzsch et al., 2021; Stoitzner et al., 2006; Su & Igyártó, 2019). Therefore, MoLC were 

included in the co-culture.  

The monocytes were differentiated into LC using a cocktail mix of transforming growth factor beta 

(TGF-β), granulocyte-macrophage colony-stimulating factor (GM-CSF), and IL-4. GM-CSF and IL-4 

have been shown to steer monocytes toward DC fate by upregulating TNF-a, thereby disrupting 

macrophage colony-stimulating factor (M-CSF) signaling, which could lead to macrophage 

differentiation instead (Hiasa et al., 2009). TGF-β has been reported to steer the monocytes into 

the LC (Geissmann et al., 1998; Kel et al., 2010). In animal experiments, mice lacking TGF-β showed 

an absence of LC (Borkowski et al., 1996). Moreover, it has been extensively discussed that TGF-β 

is involved in several pathways, such as signal transducer and activator of transcription 5 (STAT5) 

and purine-rich Box-1 (PU1), which are crucial for Langerhans cell development and maintenance. 

The source of TGF-β in the skin are both dermis and epidermis (Gunin & Golubtzova, 2019; Liarte 

et al., 2020; Seeger et al., 2015; X. Zhang et al., 2016). It has been proposed that the use of Notch 

ligand DLL4 in combination with GM-CSF and TGF-β can also give rise to LCs from hematopoietic 

monocytes as well (Bellmann et al., 2021). Although other methods exist for differentiating LC from 

monocytes in vitro, the classical combination of GM-CSF, TGF-β, and IL-4 is widely accepted and 

well-validated for MoLC differentiation. 
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The MoLC from the same donor as T-lymphocytes (autologous), or different donor from the T-

lymphocytes (allogenic), were co-cultured together with the T-lymphocytes for three days. 

Although the alloreactivity between MoLC and T-lymphocytes was expected, none could be 

observed within the readouts of the experiment. Another study has also demonstrated that 

autologous and allogenic cultivation methods can be used interchangeably when cultivating T-

lymphocytes with monocytes (Hollister & Jarrett, 1978). However, another study cultivating HIV-1 

pulsed DC with T-lymphocytes in an autologous or allogenic system has found that the allogenic 

system leads to stronger activation of T-lymphocyte suggesting the additional foreign substance 

carry by the DC (Silva et al., 2013). Moreover, another study has highlighted lower 

immunoreactivity in the autologous system (Hill & Cuturi, 2010). Despite the lack of further 

investigation, the presumption of the result in this thesis could be thought of as the MoLC were 

immature and do not carry any antigen that could be presented to T-lymphocytes. 

A further comparison experiment between autologous and allogenic was performed by including 

HFDK in the culture because keratinocytes are significant in skin sensitization. In autologous co-

culture, MoLC, T-lymphocytes, and HFDK are derived from the same donor, while in allogenic co-

culture, each cell type comes from different donors. The expectation was that MoLC would pick up 

proteins produced by allogeneic keratinocytes and present them to T-lymphocytes, leading to T-

lymphocyte activation. However, the experiment’s results ran contrary to these expectations. In 

this experimental design, neither MoLC nor naïve CD4+ T-lymphocytes react differently to allogenic 

keratinocytes compared to autologous keratinocytes. It is important to note that another 

experiment comparing the single culture of immune cells to the co-culture of immune cells and to 

the co-culture of immune cells and HFDK has revealed interesting results. The result from the 

experiment showed that MoLC have matured in the presence of HFDK. This indicates that MoLC 

are able to pick up protein from HFDK, although it does not appear that the protein from allogenic 

HFDK will lead to higher maturation of MoLC. Although there are limited existing studies with a 

similar experimental setup, some literature suggests that autologous skin grafting does not always 

outperform allogenic skin grafting (Goyer et al., 2019; Kitala et al., 2016; Otto et al., 1995). 

One plausible explanation for these results may be that the human leukocyte antigen (HLA) of 

the donors used in the experiment happened to match. The HLA system, a complex of genes 

encoding MHC proteins, plays a pivotal role in regulating the immune system. In the context of 

transplantation, such as skin transplants, the immune system identifies foreign entities within the 

body by detecting proteins that differ from those normally produced by the patient’s cells. Key 

among these proteins is the HLA molecules, which the immune system uses to distinguish self 

from non-self (Ayala García et al., 2012; Montgomery et al., 2018).  
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In theory, the autologous system should offer a more suitable platform for co -cultivation 

experiments, the results from this thesis and other studies have demonstrated otherwise (Braye 

et al., 2000; Chevallier et al., 2010; Udehiya et al., 2013). In conclusion, within the scope of this 

thesis, the autologous co-culture of the three cell types does not demonstrate an advantage over 

the allogenic co-culture system. This suggests the potential for more versatile experimental 

designs involving these cell types within a donor pool.  

5.3   Development of a Co-Culture-Based Skin Sensitization Assay 

5.3.1   Response Patterns of T-Lymphocytes in the Co-Culture to DNCB 

The intricate interplay between epidermal keratinocytes and CD4+ T-lymphocytes in skin immunity 

is widely recognized. Many studies have explored co-cultures of T-lymphocytes and keratinocytes, 

mainly within the context of skin inflammation in conditions like psoriasis and atopic dermatitis 

(Humeau et al., 2022; Martin et al., 2012; Willis et al., 1991), but fewer have studied the interaction 

of keratinocytes and T-lymphocytes in the context of skin sensitization. Even though both 

keratinocytes and T-lymphocytes are central to the skin sensitization process, especially during the 

elicitation phase (Rustemeyer et al., 2011). 

Keratinocytes play a dual role in initiating immune responses by recognizing pathogens through 

pattern recognition receptors like Toll-like receptors, leading to the release of pro-inflammatory 

cytokines. This, in turn, recruits CD4+ T-lymphocytes to the site, where they are activated by DC 

through antigen presentation (Klicznik et al., 2018). Moreover, keratinocytes themselves can act 

as APCs, expressing MHC-II molecules and the co-stimulatory molecule CD80, which binds to CD28 

and CTLA-4 on T-lymphocytes (Fan et al., 2003; Scheynius & Tjernlund, 1984; Tamoutounour et al., 

2019a; Wakem et al., 2000). This raises questions about their efficacy in antigen presentation 

compared to traditional APCs and their specific role in skin sensitization reactions (Orlik et al., 

2020). 

In vitro co-culture systems face challenges due to the different nutrient requirements of immune 

cells and epithelial cells. While RPMI1640 complete is a standard medium supporting immune cell 

growth, it induces early terminal differentiation in keratinocytes, affecting cell viability due to high 

calcium content. Conversely, KGM-2, a standard medium for epithelial cells, leads to highly 

activated T-lymphocytes. Finding a suitable medium for co-culturing these cells is essential, with 

Mix2 emerging as a promising option in this study (Geisendörfer, 2022). 

In this study, naïve CD4+ T-lymphocytes were co-cultured with HFDK and exposed to the potent 

skin sensitizer 2,4 dinitrochlorobenzene (DNCB). Despite known cross-talk between keratinocytes 
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and T-lymphocytes in other inflammatory contexts than skin sensitization, no response to DNCB 

was observed from the T-lymphocytes in the co-culture. 

While some research suggests keratinocytes can directly stimulate naïve T-lymphocytes, the 

mechanisms differ from those induced by typical skin sensitizers like DNCB. For instance, 

Staphylococcus aureus protein A induces autophagy in keratinocytes, leading to cytokine secretion 

(X. W. Cai et al., 2017), while skin sensitizers trigger oxidative stress pathways. Although 

keratinocytes can secrete inflammatory cytokines in response to skin sensitizers, these alone 

cannot activate naïve T-lymphocytes. Activation requires direct binding of MHC-II to T-lymphocyte 

receptors and interaction with co-stimulatory molecules. 

These observations underscore the complexity of skin sensitization and the potential limitations 

of current in vitro models to fully capture the dynamics of immune response. Future studies should 

explore the incorporation of other immune components, such as professional APCs or a more 

physiologically relevant mix of cytokines, to enhance the model's predictive power for skin 

sensitization. This research not only illuminates the specific challenges in modeling skin 

sensitization but also highlights the need for refined in vitro systems that better mimic the intricate 

immune interactions occurring in human skin. 

5.3.2   Sensitivity to DNCB of the Three-Cell Culture 

Professional APCs, such as DC and LC, are known to be pivotal in detecting hapten-protein 

complexes and converting them into antigens before presenting them to naïve T-lymphocytes. 

However, this crucial aspect was lacking in the previous setup. To address this gap, MoLC were 

introduced into the co-culture, which was subsequently challenged by DNCB. 

The co-cultivation of three cell types has yielded intriguing insights, particularly when HFDK are 

present, resulting in a significant upregulation of maturation markers in MoLC. This suggests a 

nuanced interaction between MoLC and HFDK. Notably, this maturation, while evident, does not 

translate into the activation of T-lymphocytes, as indicated by the absence of CD69 expression. A 

parallel can be drawn with findings from Geisendörfer’s work, where MoLC demonstrated auto-

activation, marked by a notable upregulation of CD86 and CD83 in the presence of HFDK 

(Geisendörfer, 2022). This supports the notion that proteins from HFDK are assimilated by MoLC, 

influencing their maturation.  

However, a critical aspect lies in the temporal dynamics of this interaction. Within the 72-hour co-

cultivation period, pinpointing when the cross-talk between HFDK and MoLC occurs remains 
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elusive. Two plausible scenarios may explain the absence of CD69 activation. First, CD69 may have 

already been downregulated during the differentiation of T-lymphocytes. Alternatively, the cross-

talk between MoLC and T-lymphocytes might not have been initiated by the analysis point. CD69 

is known to be an early activation marker of T-lymphocytes that can be detected as early as on 

hour before fading by 72 hours after activation (Beltman et al., 2007; Borges et al., 2007; Hommel 

& Kyewski, 2003; Simms & Ellis, 1996).  

While the co-culture experiment produced unexpected outcomes, its results do not significantly 

impact the decision to treat the system with DNCB. In a situation where the co-culture responds 

to the treatment, the point of activation for analysis would naturally be at the treatment initiation. 

This strategic choice allows for an examination of interactions among the three cell types and 

DNCB, including the MoLC maturation, CD69 expression, and other responses beyond the 

treatment start. Therefore, the unexpected co-culture results do not hinder the rationale for 

focusing on the impact of DNCB on the system.  

The result indicates that even with the inclusion of APCs, the co-culture system failed to respond 

to DNCB. This outcome contrasts with research indicating that co-cultures involving at least all 

three cell types -HFDK, MoLC, and T-lymphocytes - can respond to skin sensitizers, including DNCB 

(Frombach et al., 2018; Sonnenburg et al., 2023). It is essential to note that there are relatively few 

studies that have explored three cell co-cultures, or even co-culturing keratinocytes with PBMC, 

apart from the studies mentioned earlier. Most studies tend to focus on either co-culturing APCs 

with keratinocytes or co-culturing APCs with T-lymphocytes (Bechara et al., 2019; Betts et al., 2017; 

Cao et al., 2012; Galbiati et al., 2020; Hennen et al., 2011; Richter et al., 2013; Sawada et al., 2022). 

The results from these studies, especially when APCs were co-cultured directly with T-

lymphocytes, have been successful in identifying skin sensitizers.  

Furthermore, the contradictions in the findings may also be attributed to the varied readouts used 

in different studies. For instance, one study employed CD44, CD124, and CD119 expression on T-

lymphocytes as readouts (Frombach et al., 2018), while some studies incorporated CD69 

expression into their readout criteria (Almeida TLP, 2013; Hou et al., 2020). Others opted for IFN-

γ secretion from T-lymphocytes as a readout (Bechara et al., 2019; Betts et al., 2017; Richter et al., 

2013), and several relied on T-lymphocyte proliferation as a readout, including the LLNA (Gerberick 

et al., 2007; Jenkinson et al., 2010; Oakes et al., 2017). This variance raises the question of whether 

CD69 serves as an appropriate readout for T-lymphocytes in the specific experiment. 

In theory, CD69 should suffice for detecting T-lymphocyte activation. However, the results reveal 

that while CD69 is upregulated when T-lymphocytes are activated with T-cell activator (positive 
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control for T-lymphocyte activation), DNCB treatment did not induce a similar upregulation of 

CD69 in the co-culture with either HFDK, MoLC, or both. This suggests that CD69 may indeed be a 

suitable marker, but the co-culture system might have limitations in recognizing skin sensitizers 

effectively.  

It is worth noting that the 2D co-culture environment may not be the ideal setting for cultivating 

all three cell types together. In the physiological skin, keratinocytes coexist with APCs, followed by 

interactions between APCs and T-lymphocytes. Moreover, the type of keratinocytes typically 

present in 2D co-culture settings primarily comprises basal keratinocytes, which cannot fully 

represent the diverse keratinocyte populations found in the complex structure of physiological 

skin, where keratinocyte have different differentiation state. In a related report, monolayer 

cultivation of keratinocytes was found to lack approximately 10% of the gene expression profile 

observed in human skin explants or human reconstructed epidermis (Bernard et al., 2002). This 

suggests that the 2D co-culture model may have inherent limitations when attempting to mimic 

the intricacies of physiological skin. 

Balancing the convenience of 2D assays with their ability to faithfully represent real-life data is a 

critical consideration when conducting such experiments. Although 2D assays offer simplicity and 

robustness, they may not fully capture the complexity of in vivo scenarios, especially in the 

absence of well-accepted in vitro assays for T-lymphocytes. This thesis initially aimed to develop 

skin sensitization assays based on T-lymphocytes, which subsequently evolved to include MoLC in 

the co-culture setup. Ultimately, the research has progressed towards the development of 

immunocompetent skin models.  

5.4   Advances in Immunocompetent Skin Models   

RHS are pivotal in a broad spectrum of research areas due to their versatility and the flexibility 

offered by their primary components—a collagen-embedded dermal layer populated with 

fibroblasts and an overlying epidermal layer of keratinocytes. The choice of cell sources, extending 

beyond healthy cells, enables the emulation of specific skin conditions. For example, the utilization 

of cells from diabetic patients and filaggrin-deficient keratinocytes has successfully replicated the 

environments of diabetic wounds and atopic dermatitis, respectively (Barker et al., 2004; Küchler 

et al., 2011; Maione et al., 2015; Ozdogan et al., 2020). These models replicate key disease 

characteristics, offering a platform for targeted therapeutic interventions. 

Moreover, researchers have augmented the utility of skin models by integrating supplementary 

components, enhancing their physiological relevance. Noteworthy endeavors include the 

integration of vascularized human skin models to investigate fibrosis and assess anti-fibrotic drugs 
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(Matei et al., 2019) as well as the development of perfusable vascularized skin models 

incorporating melanocytes to explore intricate cell-cell interactions  (Duval et al., 2012; Rimal et 

al., 2021; Salameh et al., 2021; Zoio et al., 2021). These developments have further extended to 

the incorporation of melanoma spheroids into skin models, providing valuable insights into their 

behavior, particularly in the context of skin cancer research (I. Müller & Kulms, 2018; Vörsmann et 

al., 2013).  

Despite the notable successes of RHS models across diverse applications, a significant limitation 

persists—the absence of multiple immune cells within these models. Immune cells are integral to 

the skin function, playing a central role in inflammatory responses and skin-related disease 

symptoms. Common skin diseases, including atopic dermatitis and psoriasis, are fundamentally 

immune-mediated, with immune cells driving the associated symptoms. For example, in atopic 

dermatitis, cytokines such as IL-4, IL-13, and IL-22 produced by T-lymphocytes and B-cells play a 

crucial role (Guttman-Yassky & Krueger, 2017). Similarly, psoriasis symptomatology is amplified by 

IL-17 produced by T-lymphocytes (Schön, 2019). Even in cases of contact dermatitis or skin 

sensitization, where LC recognize and present antigens to T-lymphocytes, the inflammatory 

response primarily rests on T-lymphocytes. Hence, the inclusion of immune cells in skin models, 

particularly for establishing humane alternatives to animal models, is imperative. Notably, skin 

models have shown promise in testing skin sensitizers (Chau et al., 2013; Galbiati et al., 2017; 

Schellenberger et al., 2019). 

This brings us to the central objective of this thesis, the development of a more intricate 

immunocompetent reconstructed human skin model that seamlessly integrates two distinct 

immune cell types, MoLC and naïve T-lymphocytes (ImmuSkin-MT). These immune cells, sourced 

from buffy coat, are integrated into the same culture setting with existing RHS. A minimally invasive 

method is employed for the isolation of keratinocytes and fibroblasts from the hair follicles of both 

male and female donors. These HFDs form the foundation of the ImmuSkin-MT. The ultimate 

objective of this immunocompetent skin model is to facilitate the precise prediction of the 

sensitizing potential of various chemical substances.  

In most RHS, the source of keratinocytes and fibroblasts is the juvenile or neonatal foreskin (Matei 

et al., 2019; Reijnders et al., 2015; Salameh et al., 2021; Schmidt et al., 2020; Zoio et al., 2021). 

Although skin models generated from these cell sources are well characterized, they have several 

crucial limitations, which are as follows: an invasive method due to the surgical procedure, a 

limitation to only male donors, and the cells from the same donor not being accessible for multiple 

acquires. By using HFDs it is possible to overcome these limitations, since it is now possible, to 
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develop in vitro RHS from both, male and female donors in a minimally invasive way (Löwa et al., 

2018; Matsuzawa et al., 2019).  

It was shown that in both RHS-FD and RHS-HFD, HFDK have organized themselves into different 

layers and the outmost layer where the cells are exposed to the air is fully stratified. In the dermis 

layer, fibroblasts can be seen embedded in collagen. Such results align with another study where 

the RHS was built from HFDs (Löwa et al., 2018). Moreover, the comparison of the epidermis 

thickness of RHS-FD or RHS-HFD has shown that the epidermal thickness of the RHS from the two 

cell sources is comparable. The result confirmed that HFDs can be used to build the RHS as well as 

foreskin-derived cells.  

Prior to model development, extensive investigations were conducted to identify a suitable 

medium for ImmuSkin-MT. Traditional base media, rich in glucose and deficient in essential amino 

acids crucial for immune cell functions, posed challenges. Studies have highlighted the significant 

impact of medium selection on immune cell functionality and survival (Glaczynska et al., 2021; 

Griffoni et al., 2021; Koh et al., 2022). Additionally, KDM includes components such as cholera 

toxin, hydrocortisone, adenine, insulin, and EGF, which negatively affect immune cell viability. 

Specifically, cholera toxin and hydrocortisone promote keratinocyte proliferation but may inhibit 

immune cell activation, with hydrocortisone exhibiting anti-inflammatory effects primarily at high 

concentrations (Ghio et al., 2018; N. Okada & Kitano, 1982; Rheinwald, 1975). Insulin stimulates 

keratinocyte migration and potentially supports DC maturation, although its direct impact on LC is 

not well documented (Benoliel et al., 1997; Lu et al., 2015; Xuan et al., 2017). EGF promotes 

keratinocyte growth but may dampen the immune response, relevant for MoLC viability in 

experimental setups (J. Chen et al., 2016; Y. J. Kim et al., 2018). 

Experimental results indicated that media combinations such as KDM and RKD1 (50% RPMI1640 + 

50% KDM) facilitate MoLC maturation but show higher mortality rates compared to other media 

like Mix2. The DC generation medium, in contrast, proved most effective for MoLC viability, 

underscoring the need to balance the stimulatory and inhibitory effects of KDM components on 

immune cells. 

The response of T-lymphocytes in these media experiments showed no upregulation of activation 

markers, suggesting an inhibition possibly due to KDM components like cholera toxin, which can 

suppress T-lymphocyte proliferation unless counteracted by specific stimulations (Eriksson et al., 

2000). Hydrocortisone modifies T-lymphocyte receptors, reducing essential cytokine production 
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(Olnes et al., 2016; Palacios & Sugawara, 1982), while insulin can enhance T-lymphocyte function 

under certain conditions (Fischer et al., 2017; Marchingo et al., 2020; Tsai et al., 2018). 

In conclusion, while KDM supports keratinocyte growth, its components are not ideal for immune 

function, highlighting the importance of selecting the appropriate medium for developing an 

immunocompetent ImmuSkin-MT. The findings suggest that DC generation medium is most 

conducive for cultivating immune cells, crucial for the accurate modeling of immune responses in 

skin models. 

After the careful consideration of medium and cultivation time, immunocompetent skin models 

containing MoLC (ImmuSkin-M), naïve T-lymphocytes (ImmuSkin-T), and both MoLC and naïve T-

lymphocytes (ImmuSkin-MT) were developed.  

Although accurately positioning MoLC to fully emulate the natural arrangement of LC in the 

epidermis alongside dermal DC in the dermis presents challenges, progress is being made. Several 

efforts by a collaborator to embed MoLC within the epidermal layer of RHS and maintain them for 

14 days faced difficulties (Geisendörfer, 2022). Importantly, other studies suggested that even if 

immune cells are not perfectly placed within the RHS, it does not necessarily compromise the 

functional integrity of these advanced skin models. For instance, the addition of T-lymphocytes 

beneath skin models to study skin inflammation has been successfully demonstrated (Van Den 

Bogaard et al., 2014; Wallmeyer et al., 2017). Another study showed that THP-1 co-cultured with 

RHS, placed beneath the RHS, were able to responses to test substances (Schellenberger et al., 

2019). Furthermore, a study that introduced an immune-cells-containing extracellular matrix layer 

within the skin models confirmed the functionality and responsiveness of DC to test substances in 

such an environment (Chau et al., 2013). It is noteworthy that cultivating DC in collagen type I does 

not alter their function (Sapudom et al., 2020). This ongoing progress underscores the potential of 

ImmuSkin-MT to enhance the simulation of skin immunology in a controlled setting.  

The presence of CD1a+ cells in the subdermal layers of ImmuSkin-MT and ImmuSkin-M, but not in 

ImmuSkin-T or RHS, supports the models' ability to differentially support MoLC integration and 

survival. The absence of T-lymphocytes in all variants of ImmuSkin and RHS aligns with the 

designed constraints of these physical skin models, indicating that they do not migrate into these 

systems. 

The consistent detection of epidermal markers across various ImmuSkin suggests that the 

presence of immune cells does not inhibit keratinocyte differentiation, maintaining keratinocyte 

function and the structural integrity of these models. 
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MoLC migration from the subdermal layer into the well in both ImmuSkin-M and ImmuSkin-MT, 

expressing CD86 even without external stimuli, suggests a basal level of maturation. Langerhans 

cell migration is a known marker of their maturation, which could be triggered by TGF-β and IL-1β, 

secreted by keratinocytes  (Bobr et al., 2012; Cumberbatch et al., 2003; Hemmi et al., 2001).  

CD86 serves as a reliable marker of MoLC maturation due to its early and robust upregulation upon 

encountering antigens or maturation signals, distinguishing it as a dependable indicator of LC 

maturation. Functionally, CD86 is crucial for facilitating effective T-lymphocyte priming, 

underpinning the initiation of adaptive immune responses. The positive correlation between CD86 

expression on LCs and other maturation markers, such as HLA-DR, further underscores its 

suitability as a maturation marker (Grosche et al., 2020; Z. Li et al., 2019; Prechtel & Steinkasserer, 

2007; Tai et al., 2018). 

From the aspect of the T-lymphocytes, a comparison between ImmuSkin-MT and ImmuSkin-T 

revealed a significant increase in T-lymphocytes count in the former, suggesting T-lymphocyte 

activation by migrated MoLC. In ImmuSkin-T, where MoLC were absent, only basal-level T-

lymphocyte proliferation was observed. These results underscore the importance of MoLC in the 

modulation of immune responses, potentially through the facilitation of antigen presentation to 

T-lymphocytes. 

T-lymphocyte proliferation is a widely recognized marker for T-lymphocyte activation, reflecting 

the clonal expansion of antigen-specific T-lymphocytes essential for effective immune responses. 

When T-lymphocytes encounter their specific antigens presented by APC, they undergo a series of 

complex signaling cascades leading to activation. This activation triggers the T-lymphocytes to 

enter the cell cycle, resulting in multiple rounds of division that amplify their population, thereby 

bolstering the body’s capacity to combat specific antigens  (Meraviglia et al., 2019). The significant 

expansion of T-lymphocyte numbers following activation not only provides a robust measure of 

immune response but also serves as a sensitive and specific indicator of immune system 

engagement (Zhan et al., 2017). 

In summary, T-lymphocyte proliferation is a robust and informative readout for T-lymphocyte 

activation due to its fundamental role in immune defense, its sensitivity and specificity in antigen 

recognition, and its quantifiable and time-dependent nature.  

5.5   Application of Immunocompetent Skin Models in Sensitizer Detection 

After the ImmuSkin-MT was successfully developed and the function of the immune cells was well 

characterized, the ImmuSkin-M, ImmuSkin-T and ImmuSkin-MT were subject to the test if they 
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could discriminate between non-sensitizers and the skin sensitizers in the yes and no manner, and 

if it was sensitive enough to detect if the sensitizer is extreme, strong, or moderate. All three types 

of ImmuSkin were treated with glycerol, 0.1% DMSO (vehicle), RN (moderate skin sensitizer), IG 

(strong skin sensitizer), DNCB (extreme skin sensitizer), PPD (extreme skin sensitizer), and positive 

control (inflammatory cytokines cocktail and T-cell activator).  

The result has shown that using the migration and maturation of MoLC as readouts, ImmuSkin-M 

and ImmuSkin-MT appear to be able to distinguish between the non-sensitizer from the sensitizer. 

The maturation and migration rate of the MoLC significantly increased after the ImmuSkin-M or 

ImmuSkin-MT were exposed to moderate or strong skin sensitizers, suggesting a response to the 

treatment. These results from this thesis are similar to other studies that have used Langerhans 

cell migration and maturation as an indicator of the response to contact skin sensitizers (Azam et 

al., 2006; Bock et al., 2018; Gibbs et al., 2013; Jacobs et al., 2006; Rees et al., 2011; Sakaguchi et 

al., 2009b; Villablanca & Mora, 2008). Furthermore, it is widely accepted to use CD86 upregulation 

and migration of MoLC as a readout for skin sensitization testing. h-CLAT, and U937 Cell Line 

Activation test (U-SENS™), two of the assays focusing on the KE 3 accepted into the OECD 

guideline, use the expression of CD86 as the parameters to test the skin sensitizers (OECD, 2023d; 

Piroird et al., 2015; Sakaguchi et al., 2009b).  

In addition to the readout addressing KE 3, ImmuSkin-MT can provide an additional readout 

addressing KE 4. The SI based on the proliferation of T-lymphocytes was used as a readout 

addressing KE 4. The findings demonstrate that T-lymphocytes in ImmuSkin-T exhibited limited 

responsiveness to all treatments except the positive control. In contrast, T-lymphocytes in 

ImmuSkin-MT demonstrated robust responses to all sensitizers. The cross-talk of the interaction 

between MoLC and T-lymphocytes is well portrayed in this skin model. The result aligns with other 

studies where T-lymphocyte proliferation was used as an indicator for T-lymphocytes response to 

skin sensitizers (Bennett et al., 2007; Betts et al., 2017; Hunger et al., 2004; C.-H. Lee et al., 2012; 

Peiser et al., 2004). ImmuSkin-T only responds to the positive control, which is as expected. The T-

lymphocytes in UT ImmuSkin-T have appeared to be proliferating, despite the absence of APC and 

the T-cell activator. Classically, naïve T-lymphocytes require direct activation to proliferate, but it 

has also been reported that the combination of IL-7 and IL-2 can induce the proliferation of the 

cells which can be enhanced by the pro-inflammatory cytokines like IL-1β and TNF-a (Ben-Sasson 

et al., 2009; Jaleco et al., 2003; Skartsis et al., 2022; Van Den Eeckhout et al., 2020). It can be 

explained that keratinocytes could be the source of IL-7, and T-lymphocytes itself as a source of IL-

2 (D. Chen et al., 2021). It is important to note that the DC generation medium is a defined medium 

for DC generation where the component of the medium is unknown to the consumer, so the 



119 
 

possibility that the medium itself contains certain components that can affect naïve T-lymphocytes 

response to the pro-inflammatory cytokines should not be prematurely excluded.  

The skin sensitizing potency classification defined based on EC3 LLNA data categorized substances 

into extreme, strong, and moderate sensitizers (Basketter et al., 2014; Gerberick et al., 2004; 

Natsch et al., 2013).  

The ImmuSkin-MT represents a promising innovation in assessing skin sensitizers through a 

straightforward yes/no format. Although the results did not reach statistical significance, there is 

a clear trend showing that ImmuSkin-MT might have the potential to distinguish varying levels of 

sensitization. Despite the constraints of a limited number of sensitizers tested and experimental 

repeats, ImmuSkin-MT has successfully outlined a preliminary framework for categorization. 

Under this schema, substances that prompt substantial migration of MoLC, elevate CD86 

expression, and enhance T-lymphocyte proliferation are classified as extreme sensitizers. Notably, 

substances like DNCB and PPD fall into this category. Meanwhile, substances like IG, which increase 

MoLC migration and SI but do not significantly boost CD86 expression, are considered strong 

sensitizers. Lastly, substances that solely exhibit increased SI, such as RN, are categorized as 

moderate sensitizers. This way of categorization aligns well with traditional classifications, adding 

a valuable layer of verification to the results obtained through ImmuSkin-MT. 

In this experimental setup, ImmuSkin-MT represents a significant advancement toward replicating 

the complex milieu of physiological skin, where key immune cells coexist in a dynamic 

environment. This novel and intricate immunocompetent skin model showcases the potential to 

enhance the identification of skin sensitizers by effectively capturing KE 3 and 4 from the AOP. The 

co-culture setup successfully mirrors the important interaction between MoLC and T-lymphocytes, 

marking a vital step forward in skin sensitization research. 

Despite this progress, one limitation of the ImmuSkin-MT is the absence of a direct readout from 

keratinocytes, which are involved in KE 2. Ideally, it should be possible to detect cytokine secretion 

from the RHS, although this is not the most established readout for skin sensitization in such a 

complex system. The current OECD-approved methods for detecting KE 2, such as KeratinoSense, 

LuSens, and EpiSensA, focus on changes in gene expression related to the Keap1-Nrf-ARE pathway 

rather than cytokine secretion (Natch, 2017; Ramirez et al., 2014; Saito et al., 2013). There are 

more assays that have been developed, but have not made it to the OECD guidelines, such as the 

IL-18 RhE assay that uses the secretion of IL-18 from RHE and cytotoxicity as readouts (Andres et 

al., 2017; Galbiati et al., 2018), or the measurement of IL-18 secreted from NCTC 2544 (Corsini et 

al., 2013). These assays, while robust and reliable, are optimized for simpler test systems. 
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Nevertheless, the performance of ImmuSkin-MT in classifying skin sensitizing potency, while 

showing preliminary trends, calls for further refinement. The model has demonstrated the ability 

to preliminarily categorize sensitizers based on the robustness of MoLC migration, CD86 

expression, and T-lymphocyte proliferation, correlating with known classifications of extreme, 

strong, and moderate sensitizers. To improve the relevance and accuracy of ImmuSkin-MT, further 

development should focus on optimizing the placement of MoLC to more accurately mimic their 

physiological locations. Additionally, expanding the range of tested known sensitizers and 

conducting ring validation studies will strengthen the model’s reliability and its capability to detect 

various key events simultaneously. 

Overall, ImmuSkin-MT stands as a promising tool in the advancement of in vitro assays capable of 

predicting and identifying skin sensitization events concurrently. This model is not only a testament 

to the potential for significant strides in dermatological research but also highlights the ongoing 

need for innovative approaches to better assessing complex biological interactions in skin 

sensitization. 

5.6   Outlook 

The next crucial step is the integration of induced pluripotent stem cells (iPSCs) into these models. 

iPSCs, with their ability to differentiate into various skin cells and immune cells, offer a 

transformative potential for skin sensitization assays. By providing a standardized and potentially 

unlimited source of diverse skin cells, iPSCs can enhance the complexity and clinical relevance of 

skin models. This approach ensures a rich, varied cellular environment that closely mimics human 

skin, setting the stage for more accurate and personalized testing. 

Building on the foundation provided by iPSC technology, skin-on-chip platforms can further 

advance the field. These platforms typically feature distinct types of chips, some allowing for cell 

culture at a microscale, while others enable the placement of static skin models in separate 

chambers connected by channels simulating blood vessels. Although achieving a fully functional 

perfusion system for the cells is currently challenging, incorporating iPSC-derived skin cells into 

these setups could bring models like ImmuSkin-MT closer to mimicking physiological skin. This 

could be achieved by incorporating a lymph node model with T-lymphocytes in one chamber and 

MoLC in another, with a perfusion system running between them. 

The envisioned process involves exposing the skin models to a skin sensitizer and monitoring the 

migration of MoLC from the RHS chamber to the lymph node model, where they present antigens 

to T-lymphocytes. Subsequently, the T-lymphocytes migrate from the lymph node and remain 
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within the perfusion system. In a subsequent exposure, the migration of T-lymphocytes to the skin 

models should be observed. This setup, supported by the cellular diversity provided by iPSCs, could 

significantly enhance the physiological relevance and predictive accuracy of skin-on-chip 

technologies. 

The idea of integrating iPSCs into skin-on-chip models is supported by current advancements in 

the field. Reports have indicated the utility of skin-on-chip for testing chemical toxicity and for 

incorporating immune responses, demonstrating the capability of these systems to support 

complex biological interactions and responses to external stimuli (J. S. Lee et al., 2022; Spagolla 

Napoleão Tavares et al., 2020; Varga-Medveczky et al., 2021; Wufuer et al., 2016). Moreover, 

studies like those by Kwak et al.(Kwak et al., 2020) and J. J. Kim et al.(J. J. Kim et al., 2019) show 

that skin-on-chip can effectively incorporate immune cells and respond dynamically to 

environmental challenges such as UV irradiation and bacterial infection. Another study has also 

shown the success of skin-on-chip containing DC (Ramadan & Ting, 2016). Interestingly, it has also 

been reported that culturing skin models with the perfusion system resulted in improved 

epidermal morphogenesis and barrier function (Sriram et al., 2018). Therefore, the skin-on-chip in 

combination with the microfluidic system might be the future of the fast, high-throughput, and 

biologically relevant skin sensitization assay. 

In summary, this development positions ImmuSkin-MT as a promising and innovative method to 

test skin sensitizers, providing a more biologically relevant alternative to traditional in vitro models 

and potentially reducing reliance on animal testing. With its ability to emulate key events of skin 

sensitization while incorporating two crucial immune cell types, ImmuSkin-MT stands as a potent 

tool for future research in dermatotoxicology. The enhanced physiological relevance of this model 

holds the potential to offer a more reliable and ethical approach to assessing the sensitizing 

potential of chemical substances. By promoting the adoption of ImmuSkin-MT and other advanced 

in vitro models, a significant step towards fulfilling the vision of reducing and eventually replacing 

animal testing in the realm of skin sensitization research has been taken.  
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CHAPTER 6   CONCLUSION 

Skin sensitization presents a pressing challenge in dermatotoxicology, underscoring the necessity 

for advanced and biologically relevant testing approaches. Conventional in vitro models and animal 

studies, traditionally used to predict skin sensitization, are powerful but have significant limitations 

that compromise their effectiveness in accurately predicting skin sensitization in humans. The in 

vitro models, while convenient, frequently fall short in capturing the intricate interplay of skin 

sensitization, thus lacking the representation of essential interactions among immune cells, 

keratinocytes, and chemical sensitizers. Moreover, animal testing, despite its higher biological 

relevance, substantially deviates from human skin physiology, undermining its predictive value 

when applied to human responses and reducing overall reliability. The pressing ethical concerns 

surrounding animal testing have catalyzed a global movement towards more humane and efficient 

alternatives. Regulatory pressures have further accentuated the demand for alternative testing 

approaches that align with the objectives of regulatory agencies such as ECHA and the United 

Nations Globally Harmonized System of Classification and Labelling of Chemicals (UN GHS). 

Recognizing these shortcomings and the growing need for improved skin sensitization testing, this 

thesis aimed to develop an immunocompetent skin model (ImmuSkin-MT). The model was 

designed to replicate the intricate cellular interactions and physiological environment of human 

skin, addressing the limitations of existing in vitro models while respecting ethical concerns. There 

are three key players in skin sensitization; keratinocytes, being the most abundant cell type in the 

epidermis, serve as the primary targets for sensitization events, MoLC, which closely resemble LCs, 

function as APC that interact with sensitizers, and T-lymphocytes complete the picture, 

representing the effector cells that respond to sensitizing agents.  

In summary, hair follicles were chosen as the source of skin cells for the development of 

ImmuSkins. Despite minor differences compared to foreskin-derived cells, hair follicle-derived cells 

proved to be a suitable alternative. The initial phase of the thesis involved 2D co-culture, where 

cells involved in the skin sensitization process were co-cultured. This intricate assembly of cell 

types reflects the complexity of immune responses in the skin and underpins the biological 

relevance of the model. However, this approach proved ineffective in detecting skin sensitizers, 

likely due to MoLC auto-activation. Additionally, this approach revealed that the autologous 

culture of different cell types is not superior to the allogeneic co-culture, facilitating the choice of 

cells. Subsequently, ImmuSkins were developed and characterized, demonstrating that immune 

cells do not compromise the integrity of the RHS. 
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ImmuSkins were then subjected to various skin sensitizers and non-sensitizers. Results indicated 

that the treatment did not affect the appearance of ImmuSkins. The ImmuSkin-MT can measure 

two key events in the AOP of skin sensitization, which were KE 3 (the maturation and migration of 

MoLC), and KE 4, (the activation of T-lymphocytes). The ImmuSkin-MT can differentiate between 

skin sensitizers and non-sensitizers based on these KEs. This evidence suggests the potential of 

ImmuSkin-MT as a reliable tool for skin sensitization assessment. Furthermore, ImmuSkin-MT 

assessment methods align with the principles of 3R (Replace, Reduce, and Refine animal testing) 

to minimize animal testing. By filling the gap in traditional in vitro models, ImmuSkin-MT offers a 

more physiologically relevant platform and is also an ethical alternative that reduces the need for 

animal experimentation. 

This comprehensive approach, combining biologically relevant cell types and advanced methods, 

positions ImmuSkin-MT as a promising solution for more accurate and ethical skin sensitization 

testing, with the potential to reshape the landscape of dermatotoxicology research. This thesis 

introduces ImmuSkin-MT as an innovative solution, effectively bridging these constraints and 

providing a promising, ethically sound, and biologically realistic avenue for skin sensitization 

research. 
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APPENDIX AND SUPPLEMENTALS 

APPENDIX 1 List of Figures 

Figure  Description 

1 The layers and components of the epidermis including the markers and proteins expressed in 

each layer 

2 The collagen structure and provides an example of collagen that exhibits this particular 

arrangement 

3 The reticular dermis and papillary dermis within the dermal layer and the rough indication of 

the epidermis 

4 The immune response to a metal ion in the context of skin sensitization, encompassing both the 

sensitization and elicitation phases 

5 The immune synapse between antigen-presenting cells (APC) and T-lymphocytes during the 

process of antigen presentation  

6 T-lymphocyte subsets based on the expression of CD45RA and CCR7. The upper left quadrant 

represents naïve T-lymphocytes, while the lower left quadrant depicts terminally differentiated 

T-lymphocytes re-expressing CD45RA (TEMRA) T-lymphocytes 

7 The adverse outcome pathway (AOP) of skin sensitization, as defined by the Organisation for 

Economic Co-operation and Development (OECD) 

8 The differences between each type of model 

9 The microanatomy of hair follicles 

 

10 The list of Coplin jars required for the hematoxylin and eosin staining 

11 The illustration outlines the sequential creation of the immunocompetent skin models 

(ImmuSkin) 

12 Representative microscopic images and illustrations showing the outgrowth of hair follicles 

over 21 days 

13 Characterization of hair follicle-derived cells versus foreskin-derived cells by 

Immunofluorescence (IF) staining 

14 Characterization of hair follicle-derived cells versus foreskin-derived cells by flow cytometry 

15 Assessing the viability and proliferation of hair follicle-derived keratinocyte (HFDK) in various 

culture media 

16 Changes in T-lymphocyte phenotype and mortality over time 

17 Changes in T-lymphocyte phenotype and mortality over time in the presence of IL-2 or without 

IL-2 

18 The direct comparison of IL-2 effects on frequency T-lymphocytes over the course of six days 

19 Effects of co-culture media and hair follicle-derived keratinocytes (HFDK) on CD4+ T-lymphocyte 

activation and differentiation 

20 Viability and morphology of hair follicle-derived keratinocytes (HFDK) in co-culture media with 

or without CD4+ T-lymphocytes 
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21 Comparison of single culture and co-culture of naïve CD4+ T-lymphocytes and hair follicle-

derived keratinocytes (HFDK) in KGM-2 without hydrocortisone (KGM-2 wo HC) either alone or 

with HFDK, for three days 

22 Comparison of single culture and co-culture of naïve CD4+ T-lymphocytes and hair follicle-

derived keratinocytes (HFDK) 

23 Comparison of T-lymphocyte phenotype and hair follicle-derived keratinocytes (HFDK) viability 

between autologous and allogeneic co-cultures 

24 Comparison of T-lymphocyte phenotype and hair follicle-derived keratinocytes (HFDK) viability 

between autologous and allogeneic co-cultures 

 25 The effect of 2,4-Dinitrochlorobenzene (DNCB) concentration on the character, mortality, and 

viability of the cells 

26 The effect of treating a 2D co-culture of hair follicle-derived keratinocytes (HFDK) and T-

lymphocytes with 0.1µM DNCB 

     27 The direct comparison between the effect of 24-hour and 48-hour treatment with 2,4-

Dinitrochlorobenzene (DNCB) on a co-culture of hair follicle-derived keratinocytes (HFDK) and T-

lymphocytes 

28 Characterization of T-lymphocytes and monocyte-derived Langerhans cells (MoLC) from a co-

culture of hair follicle-derived keratinocytes (HFDK), MoLC, and CD4+ naïve T-lymphocytes 

29 The characterization of T-lymphocytes and monocyte-derived Langerhans cells (MoLC) from 

the autologous versus allogeneic co-culture 

30 The characterization of T-lymphocytes and monocyte-derived Langerhans cell (MoLC) from the 

autologous versus allogeneic co-culture of three cell types 

31 The effect of 2,4-Dinitrochlorobenzene (DNCB) on T-lymphocyte and monocyte-derived 

Langerhans cells (MoLC) from the three cells co-culture 

32 The comparison of reconstructed human skin models from foreskin-derived cells (RHS-FD) and 

hair follicle-derived cells (RHS-HFD) 

33 Characterization of monocyte-derived Langerhans cells (MoLC) from co-culture in different 

media 

34 The characterization of T-lymphocytes from the co-culture in different media 

35 The characterization of the three-layer constructs from ImmuSkin-MT, ImmuSkin-M, and 

ImmuSkin-T using Hematoxylin and Eosin (H&E) staining 

36 The characterization of the three-layer constructs from ImmuSkin-MT, ImmuSkin-M, and 

ImmuSkin-T using immunofluorescence (IF) staining 

37 The comparison of cells obtained from the lower chamber of transwell of ImmuSkin-MT, 

ImmuSkin-M, and ImmuSkin-T 

38 The characterization of the three-layer construct of the ImmuSkin-MT after treatment with 

various skin sensitizers 

39 Skin sensitizers induce migration, maturation, and T-lymphocyte activation in ImmuSkins. 

ImmuSkins comprise three variants, which are ImmuSkin-M, ImmuSkin-T, and ImmuSkin-MT 

40 Viability of the cells from ImmuSkin-M, ImmuSkin-T and ImmuSkin-MT 
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APPENDIX 2 List of Tables 

Table Description 

1 The summary of the main types of immunocompetent skin models that involve Langerhans cells 

or T-lymphocytes, and their relevance for skin immunity research. 

2 The amount of sterile filtered ddH2O and PureCol EZ Gel required to prepare the collagen 

solution 
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