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Abstract

Abstract

In the last decades, there has been a significant shift towards animal-free experiments in
scientific research. It has been driven by a range of factors, including ethical concerns, as
outlined in the 3R principle published by Russel and Burch in 1959. This publication
emphasized the ethical guidelines for animal research: to replace, reduce and refine the
use of animals. In alignment with the principles, the movement has been reinforced by
regulatory frameworks, e.g., the ban of testing final cosmetic products on animals by the
European Commission (Article 18, No 1233/2009). Additionally, the limitation and
differences between animal models and human biology highlight the need for alternative
methods. As a result, the demand to develop new in vitro test methods has increased even

further.

The aim of this project is to develop a physiologically relevant immunocompetent skin
model with integrated dendritic cells that represent the immune responses within the skin,
with specific emphasis on allergic reactions. To generate cells that closely resembles
Langerhans cells (LCs), the dendritic cells of the skin, MUTZ-3 cells were differentiated
into MUTZ-LCs which are commonly used as LC surrogates. Hereby, various
differentiation media were tested to optimize the differentiation protocol, especially the
standardization. For that, two undefined medium supplements were tested that are
recommended by the Leibniz-Institute DSMZ (German Collection of Microorganisms
and Cell Cultures GmbH) to maintain MUTZ-3 cells: 5637-conditioned medium
(5637CM) and fetal calf serum (FCS). The differentiation of the cells was
morphologically as well as phenotypically analyzed by documenting the structural
characteristics and the expression of specific markers, e.g., CD207 and CD1a. The results
demonstrated that 5637CM has no positive impact on the MUTZ-LC differentiation, as
the expression of pivotal proteins remained unchanged. In addition, when reducing FCS
percentage by 75 %, the desired differentiation status was already achieved after 7 instead
of 14 days of culture in the majority of cells. As a side project, it was tested whether FCS
can be replaced with the commercially available FCS alternative Ultroser G. However,
the differentiation with FCS was more successful than with Ultroser G. Furthermore, the

immunocompetence of the MUTZ-LCs was studied, as it is a prerequisite for their
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intended role in an immunocompetent skin model. The treatment with the sensitizer
DNCB resulted in the upregulation of CD83, a marker for activated LCs, as well as the
characteristic morphological changes, the detachment of MUTZ-LCs. However, this

could not be detected after NiSO4 treatment, another tested sensitizer.

As a subsequent step, the successful integration of MUTZ-LCs into the Phenion® Full-
Thickness skin model was achieved. The structural integrity of the skin models was
confirmed by optical coherence tomography images and hematoxylin-eosin staining of
tissue sections. Furthermore, the precise localization of the MUTZ-LCs was demonstrated
through immunofluorescence staining. Finally, the immunocompetence of the skin
models with integrated MUTZ-LCs was tested by treating the skin models with the
sensitizers DNCB and NiSOs. It could be demonstrated that hydrocortisone, which is
originally supplemented to the Phenion® Full-Thickness skin model culture medium,
hinders the migration of MUTZ-LCs from the epidermis into the dermis after sensitizer
treatment. Further experiments need to be conducted to validate the immunocompetence
of the skin model and to establish a new accepted method to assess the sensitization
potential of chemicals. Such a model would be an important test method to demonstrate

the skin tolerability of cosmetic products.
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In den letzten Jahrzehnten hat sich die wissenschaftliche Forschung zunehmend von
Tierexperimenten abgewandt und vermehrt alternative Methoden entwickelt. Dieser
Wandel wurde durch eine Reihe von Faktoren vorangetrieben, darunter ethische
Bedenken, wie sie in dem von Russel und Burch veroffentlichten 3R-Prinzip dargelegt
wurden (1959). In dieser Verodffentlichung wurden die ethischen Leitlinien fiir die
Tierforschung definiert: das Ersetzen, Reduzieren und Verfeinern des Einsatzes von
Tieren. Im Einklang mit diesen Grundsitzen wurde die Bewegung durch rechtliche
Rahmenbedingungen verstiarkt, z. B. durch die Europdische Kommission, die
Tierversuche fiir die Testung kosmetischer Endprodukte verboten hat (Artikel 18, Nr.
1233/2009). Dariiber hinaus untermauern die Unterschiede von Tiermodellen und der
menschlichen Biologie die Notwendigkeit von alternativen Methoden. Aus den

genannten Griinden ist die Nachfrage nach neuen /n-vitro-Testmethoden weiter steigend.

Das Ziel des Projektes ist die Entwicklung eines physiologisch relevanten
immunkompetenten Hautmodells mit integrierten Dendritischen Zellen, welches die
Immunreaktionen der Haut reprédsentiert, mit dem Schwerpunkt auf allergische
Reaktionen. Um Zellen zu generieren, die den Dendritischen Zellen der Haut, den
Langerhans Zellen (LC), dhneln, wurden MUTZ-3 Zellen zu MUTZ-LCs differenziert.
Diese Zellen werden héufig als LC-Surrogate verwendet. Zunachst wurden verschiedene
Differenzierungsmedien getestet, um besonders die Standardisierbarkeit des
Differenzierungsprotokolls zu verbessern. Daflir wurden zwei undefinierte
Mediumzusitze getestet, die von dem Leibniz-Institut DSMZ (Deutsche Sammlung von
Mikroorganismen und Zellkulturen GmbH) fiir die MUTZ-3 Zellkultur empfohlen
werden: 5637-konditioniertes Medium (5637CM) und fetales Kélberserum (FCS). Die
Differenzierung der Zellen wurde morphologisch sowie phianotypisch analysiert, indem
die strukturellen Merkmale und die Expression spezifischer Marker, wie beispielsweise
CD207 und CDla, dokumentiert wurden. Die Ergebnisse zeigten, dass 5637CM keine
positive Auswirkung auf die MUTZ-LC Differenzierung hat, da die Expression von
Schliisselproteinen unverindert blieb. Durch die Reduzierung des FCS-Gehalts um 75 %
wurde der gewlinschte Differenzierungsstatus in den meisten Zellen bereits nach 7 statt

14 Tagen erreicht. Als Nebenprojekt wurde auBBerdem getestet, ob FCS komplett durch
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die kommerziell verfiigbare FCS Alternative Ultroser G ersetztet werden kann. Jedoch
war die Differenzierung mit FCS erfolgreicher als mit Ultroser G. Des Weiteren wurde
die Immunkompetenz der MUTZ-LCs {iberpriift, da diese Eigenschaft eine
Voraussetzung flir ihre beabsichtigte Rolle im immunkompetenten Hautmodell ist. Die
Behandlung mit dem Sensibilisator DNCB resultierte in die Hochregulierung von CD83,
einem Marker fiir aktivierte LCs, sowie die charakteristischen morphologischen
Verdnderungen, wie die Ablosung der MUTZ-LCs. Dies konnte jedoch nicht nach der

Behandlung mit NiSO4, einem weiteren Sensibilisator, festgestellt werden.

Im néchsten Schritt wurde die erfolgreiche Integration der MUTZ-LCs in das Phenion®
Vollhautmodell erreicht. Die strukturelle Integritit des Hautmodells wurde durch Bilder
der optischen Kohédrenztomographie und Hé&matoxylin-Eosin-Farbung  von
Gewebsschnitten bestdtigt. Zudem erfolgte die Lokalisation der MUTZ-LCs mittels
Immunfluoreszenzfarbungen. Schlielich wurde die Immunkompetenz der Hautmodelle
mit integrierten MUTZ-LCs getestet, indem die Modelle mit den Sensibilisatoren DNCB
und NiSO4 behandelt wurden. Es konnte nachgewiesen werden, dass Hydrokortison, das
urspriinglich dem Phenion® Vollhautmodell-Kulturmedium hinzugefiigt wurde, die
Migration der MUTZ-LCs von der Epidermis in die Dermis beeintrichtigt
beziehungsweise verhindert. Fiir eine Validierung der Immunkompetenz des
Hautmodells sowie der Etablierung einer akzeptierten in vitro Methode zur Priifung des
Sensibilisierungspotenzials von Chemikalien miissen jedoch weitere Experimente
durchgefiihrt werden. Ein solches Modell wire eine wichtige Testmethode, um die

Hautvertraglichkeit von kosmetischen Mitteln nachzuweisen.
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1. Introduction

1. Introduction

1.1 The native human skin

1.1.1 Structure of the human skin

The skin is the largest as well as most exposed organ of the human body and functions as
a barrier to the environment. The three different layers of the skin, epidermis, dermis and
hypodermis (Figure 1), can be clearly distinguished based on tissue architecture and
physiology. Fat, nerves and bigger blood vessels can be found in the inner layer of the
skin, the hypodermis, also called subcutis. The second layer, the dermis, consists of
fibroblasts, which are embedded in a dense network of extra cellular matrix proteins and
glucosaminoglycans. Keratinocytes, immunocompetent cells, e.g., Langerhans cells
(LCs), melanocytes and Merkel cells constitute the epidermis, the barrier to the

environment. (Nguyen and Soulika, 2019; Fritsch, 2003)

Epidermis —E '

Dermis

Hypodermis —

Figure 1: The three layers of the human skin.
The human skin consists of three layers, the epidermis, dermis and hypodermis (also called subcutis).
[Gao et al., 2013]

The epidermis can be further divided into four layers, the stratum basale, stratum
spinosum, stratum granulosum, and stratum corneum (Figure 2). These layers represent

different developmental stages of keratinocytes, which can be distinguished through the
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expression of characteristic protein markers, e.g., keratin 5 and 14 in the stratum basale,
keratin 1 and 10 in the stratum spinosum, loricrin and profilaggrin in the stratum
granulosum as well as filaggrin in the stratum corneum (Lee et al., 2017). The only
proliferative cells in the epidermis are the basal cells, the precursors of keratinocytes,
which can be found in the single-layered stratum basale (Fuchs and Raghaven, 2002).
Arising from the stratum basale, the cells of the outer layers are continuously replaced by
new keratinocytes (Watt, 1998). Apart from the basal cells, the stratum basale also
contains Merkel cells and melanocytes (Halata et al., 2003; Cichorek et al., 2013). This
layer connects the epidermis to the basement membrane. The keratinocytes become flatter
in the outer layers, respectively, with later differentiation status (Watt, 1998).
Immunocompetent cells, e.g., LCs, are mainly located in the stratum spinosum
(Breathnach, 1964), which is formed by eight to ten layers of keratinocytes (Tortora and
Nielsen, 2020). The LCs with their long dendritic processes form a dense network to
recognize pathogens which had penetrated the epidermis (Nishibu et al., 2006; Kubo et
al., 2009). Above the stratum spinosum, three to five rows of keratinocytes form the
stratum granulosum. The stratum corneum, the superficial layer, consists of dead and

flattened keratinocytes with about 15 to 30 layers. (Tortora and Nielsen, 2020)

Stratum corneum

Stratum granulosum

Stratum spinosum

Stratum basale
Basement membrane

Dermis

Melanocyte Langerhans cell

Figure 2: The layers of the epidermis.

The epidermis consists of four layers, stratum corneum, granulosum., spinosum and basale, as well as a
basement membrane, which function as a barrier between epidermis and dermis. Apart from the
proliferating keratinocytes, Merkel cells as well as melanocytes can be found in the stratum basale. The
dendritic cells of the skin, the Langerhans cells, are mainly located in the stratum spinosum. [modified from
Visscher and Narendran, 2014]
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1.1.2 Langerhans cells — immunocompetent cells of the skin

In 1868, Paul Langerhans discovered the LCs, a subtype of the dendritic cells
(Langerhans, 1868). LCs arise from bone marrow precursors. They express the LC-
typical Birbeck granules which are cytoplasmic organelles (Birbeck et al., 1961). One
characteristic marker to identify LCs is cluster of differentiation (CD) 207, also known
as langerin, which plays a role in the formation of the Birbeck granules (Valladeau et al.,
2000). Another typical marker for LCs is the surface protein CD1a, which is expressed
on the membrane and functions as a lipid antigen presenting molecule (Fithian et al.,

1981; Murphy et al., 1981; De Libero and Mori, 2005).

LCs constantly check their environment for danger-associated molecular patterns
(DAMPs) and pathogen-associated molecular patterns (PAMPs) by extending and
retracting their dendritic processes (Nishibu et al., 2006; Kubo et al., 2009). Once they
capture the DAMPs and PAMPs employing endocytosis, micropinocytosis and
phagocytosis, the LCs become activated and undergo several morphological as well as
physiological changes. After several processing steps of the antigens, LCs present the
antigen-peptides on their cell surface (Romani et al., 1989; Kashem et al., 2017). In
addition, they start to migrate from the epidermis to the local lymph nodes to activate T
cells, resulting in other immune reactions. The respective biological processes are
described in chapter 1.3.2 in more detail. In the steady state, the LC population is
maintained mostly via self-renewal (Merad et al., 2002; Kanitakis et al., 2011). Upon
inflammation, the depleted epidermal LC population is also replaced by bone-marrow
origin, the circulating blood monocytes — the corresponding derived LCs are also known
as inflammatory dendritic epidermal cells (Ginhoux et al., 2006; Yoshida et al., 2014;
Otsuka et al., 2018).

1.2 The Phenion® Full-Thickness skin model

With its brand Phenion®, Henkel AG & Co. KGaA has had experience in tissue
engineering and alternative methods for more than 30 years. Phenion® focuses on the

production of in vitro generated skin model. One of the models is the Phenion® Full-
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Thickness (FT) skin model (Figure 3A). This three-dimensional skin equivalent consists
of a stratified epidermis and dermis (Figure 3B), based on an IP-protected collagen
matrix. The porous matrix is made from bovine collagen which maintains its structure
during culture and thus enables the formation of a mechanically stable dermis (Mewes,
2020). Analogous to the native skin, a xenobiotic metabolism exists and extracellular
matrix proteins like collagen, elastin as well as fibrillin-1 are synthesized by the dermis
(Mewes et al., 2007; Wiegand et al., 2014). In addition, the fibroblasts and keratinocytes
are of human origin and are derived from the same cell donor to prevent donor variability
and to increase standardization. The air-liquid interface culture of the skin models (Figure
3A) simulates the condition of the native skin, where the air supplies the epidermis with
oxygen and nutrients. Moreover, this culture enables the correct epidermal differentiation,
including the formation of a selective skin barrier (Mewes, 2020). Therefore, the
Phenion® FT skin model reflects the native skin architecture as well as metabolism and

is ideally suited for cosmetic and dermatological testing.

= r Epidermis
& - Dermis
s \ .\‘\‘-{;‘ e R A = - - . <o gl
- N e NSF T N T e 2Ry |

Figure 3: The structure of Phenion® Full-Thickness standard skin models.

The Phenion® Full-Thickness standard skin model has a tissue surface area of 1.5 cm?, which can be
cultured individually (not depicted) or jointly with five other skin models in a petri dish (A). The
hematoxylin-eosin staining of the Phenion® Full-Thickness standard skin model shows a differentiated
epidermis with a stratified corneum and stratum basale, allowing a clear distinguishment between epidermis
and dermis (B). [www.phenion.com]
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Different versions of the Phenion® FT skin model are available, e.g., the LONG-LIFE
skin model. The Phenion® FT LONG-LIFE skin model enables with up to 50 days a 4-
times longer culture time compared to the standard version. In this model, a homeostasis
of fibroblasts and keratinocytes is achieved at an early state and maintained during the

culture (Mewes, 2020). Thus, it is suited for long-term experiments.

These models are a sophisticated and ethical alternative to animal experiments as they
enable the generation of reproducible, human-relevant data und thus support a variety of

research areas, e.g., dermatology, pharmacy, toxicology and cosmetic testing.

1.3 Allergic contact dermatitis

Allergic contact dermatitis (ACD) is one of the two types of contact dermatitis, with the
other one being the irritant contact dermatitis. The biological reactions of these diseases
differ. This study focuses on the skin sensitizing potential of a substance and thus covers

the cellular reactions of ACD.

1.3.1 Epidemiology of allergic contact dermatitis

ACD is an acquired delayed type IV hypersensitivity and can occur after the skin comes
into contact with an allergen, followed by repeated skin exposure to the allergen which
results in an allergic reaction (Peiser et al., 2012). Usually, the patients suffer of a red,
swollen, itchy and painful skin area (Kalboussi et al., 2019). In line with the
industrialization, and the modern lifestyle, the prevalence of ACD has increased.
Nowadays, ACD is a common disease with nearly 20 % of the European population
suffering from it (Diepgen et al., 2016). Substances, which can potentially trigger an
allergic reaction can be found in jewelry (e.g., nickel), preservatives (e.g., formaldehyde),
plants (e.g., poison ivy) cosmetic products (e.g., fragrances, hair dyes), medications (e.g.,
antibiotic creams) and others (Treadwell, 2020; Uter et al., 2020). According to
Chittiboyina et al. (2015), “approximately 4000 low-molecular-weight allergens have

been identified”. Hence, one can be surrounded with allergens on a daily basis.
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Consequently, ACD occurs frequently in specific employment groups and might result in
permanent inability to work, e.g., hairdresser, health care workers, florists, metal workers,
cleaners, and painters (Rodriguez et al., 2022). Due to the associated impairments of
professional as well as personal quality of life, ACD has a significant impact on healthcare
expenditures and industry productivity (Cvetkovski et al., 2005). Therefore, a lot of
research has been and will be performed to analyze the molecular mechanisms of ACD

in order to prevent the occurrence of this common disease.

1.3.2 Molecular mechanisms - Adverse outcome pathway

The biological reactions of the ACD have been summarized and published by the
organization for economic co-operation and development (OECD), the adverse outcome
pathway (AOP) “for skin sensitisation initiated by covalent binding to proteins” (OECD
No. 168, 2014). The AOP is divided into two phases, the induction (first contact with an
allergen) and the elicitation phase (further contact with the same antigen). The induction
phase occurs after the initial exposure to a contact allergen, resulting in the sensitization
to a substance (Figure 4). This is summarized in four key events: from the haptenization
of the chemicals, the inflammatory responses of keratinocytes, the activation of dendritic

cells up to the T cell activation. (OECD No. 168, 2014)

Most of the contact allergens have a low molecular weight (below 500 g/mol) and are
hydrophobic, as these properties facilitate the penetration into the lipid-rich stratum
corneum (Smith Pease et al., 2003). After the contact allergen (hapten) penetrates the
epidermis, it binds covalently to the nucleophilic groups of epidermal proteins (Smith
Pease et al., 2003). In some cases, the contact allergens (in this case pro-haptens) have to
be activated in the epidermis by xenobiotic metabolic processes in order to be sufficiently
electrophilic to build the characteristic hapten-protein complexes (Smith Pease et al.,
2003). The haptens are also recognized by the keratinocytes of the epidermis, mostly via
Toll-like-receptors, which results in the secretion of pro-inflammatory cytokines, e.g.,
Interleukin-1b (IL-1b), IL-18 and Tumor necrosis factor-o. (TNF-a) (Kaplan et al., 2012).
These cytokines play a role in the hapten-induced LC activation. LCs recognize and
internalize the hapten-protein complexes. After processing the complexes, the LCs

display the antigens on the cell surface proteins, the class I and II molecules of the major
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histocompatibility complex (MHC) (OECD No. 168, 2014). In addition, the LCs start to
mature (get activated). During this maturation (activation) process several cytokines, e.g.,
IL-8, are secreted and costimulatory proteins, e.g., CD86, are upregulated, which play a
role in the activation of the T cells (Toebak et al., 2006). Furthermore, the LCs start to
migrate from the epidermis into the dermis and from there to the local lymph node. This
migration takes place due to the downregulation of adhesion molecules, e.g., E-cadherin,
as well as upregulation of chemokine receptors, e.g., C-X-C motif chemokine receptor 4
(CXCR4), on activated LCs, which facilitate and guide the LC migration (Lin et al. 1998;
Sallusto et al. 1998). In addition, TNF-a, secreted by the activated keratinocytes, also
stimulates the dermal fibroblasts to secrete, e.g., C-X-C motif chemokine ligand 12
(CXCL12) (Ouwehand et al., 2008). As CXCL12 is the ligand of the up-regulated
CXCR4 receptor on LCs, the resulting CXCL12 gradient is one of the key players in the
migration of LCs into the dermis and, subsequently, to the local draining lymph nodes
(Ouwehand et al., 2008). In the lymph node, the activated (mature) LCs prime the naive
T cells. This results in the expansion of hapten-specific T cells and the formation of

memory T cells. (OECD No. 168, 2014)
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Figure 4: The induction phase of the adverse outcome pathway of skin sensitization.
Depicted are the molecular mechanisms of the first phase of the adverse outcome pathway of skin
sensitization — the induction phase. [OECD No. 168, 2014]
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The second phase, the elicitation phase, happens upon additional contact with the same
allergen, resulting in an adaptive immune response (Figure 5). The haptens penetrate the
epidermis, bind to epidermal proteins and are internalized by antigen-presenting cells,
which present the antigens to the recruited hapten-specific T cells. The secretion of
proinflammatory cytokines results in the clinical manifestation, e.g., inflamed, red and

swollen skin areas. (OECD No. 168, 2014)
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Figure 5: The elicitation phase of the adverse outcome pathway of skin sensitization.
Depicted are the molecular mechanisms of the second phase of the adverse outcome pathway of skin
sensitization — the elicitation phase. [OECD No. 168, 2014]

1.4 Methods to assess skin sensitization potential

1.4.1 Animal-based sensitization methods

There are several methods to assess the skin sensitization potential of a chemical. In the
past, substances were mainly analyzed for their skin-sensitizing potential with animal
experiments, e.g., the Buehler Test, which uses guinea pigs (OECD test guideline (TG)
406, 2022), and the local lymph node assay, which is based on the detection of labeled T
cell proliferation in the local lymph nodes after applying a sensitizer to the mouse ear

(OECD TG 442A, 2010; OECD TG 442B, 2018).
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However, regulatory restrictions, among other factors, have led to a noticeable shift from
animal testing to alternative methods. One example is the EU Cosmetics Regulation EC
1223/2009 (2009) which has put a complete marketing ban on cosmetic ingredients and
formulations which have been tested on animals. As a result, the demand of alternative in
vitro methods, or new approach methodologies (NAMs) increased, as the non-toxicity of
the products has still to be reported by the manufacturer. Another key driver for the shift
to animal-free methods are the ethical concerns. Already in 1959, Russell and Burch
published the ethical guidelines of the 3Rs: to replace, reduce, and refine the use of
animals in research. In addition, the results of animal tests may not be fully transferable

to humans, which is discussed and reviewed critically by Akhtar (2015).

1.4.2 Potential surrogate cell lines for the dendritic cells of the skin

LCs constitute the relevant immunocompetent cells in this project. However, the use of
native human LCs for in vitro studies has several disadvantages. Fresh LCs, e.g., isolated
from human blood, are restrained by limited supply and donor variability, thus, hindering
the reproducibility (Santegoets et al., 2008). Commonly used cell lines are the THP-1
cells, the U937 cells and the MUTZ-3 cells (refer to Table 1). Santegoets et al. (2008)
analyzed the LC characteristic of these cell lines and concluded that MUTZ-3 cells, when
being differentiated with a cytokine cocktail to MUTZ-LCs, resemble the LCs the most.
The morphology and phenotype of the MUTZ-3 cells are similar to the ones of human
CD34-positive dendritic cells (Masterson et al., 2002).

1.4.3 OECD-accepted alternative methods for skin sensitization

The OECD published several TGs which describe alternative methods, NAMs, to assess
the skin sensitizing potential of a substance. For example, TG442E (OECD, 2023)
comprises several in vitro NAMs addressing the 3™ key event of the AOP, the activation
of dendritic cells. Table 1 provides a comprehensive overview of the assays, the TGs, cell

lines employed, and the corresponding key factors addressed within the AOP. Currently,
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there are no alternative methods for the fourth key event, the activation and proliferation

of T cells.

Table 1: OECD-accepted assays to assess the skin sensitization potential of a chemical.
Listed are the OECD-accepted assays and the corresponding characteristics like the used cell line, read-out
parameter and the addressed key factor of the adverse outcome pathway (AOP).

Assay OECD |[Type of |Used cell line |Read-out AOP key
TG method parameter factor
number

Direct Peptide | TG 442C |In - Concentration | 1. Hapte-

Reactivity (2023) chemico of cysteine- or |nization

Assay (DPRA) lysine-

containing
peptides

ARE-Nrf2 TG 442D |In vitro |KeratinoSens™ |Measurement |2. Activation

luciferase (2022) cells of luminescence | of

KeratinoSens™ from luciferase |keratinocytes

under the
control of ARE

ARE-Nrf2 TG 442D |In vitro |LuSens cells Measurement |2. Activation

luciferase (2022) of luminescence | of

LuSens from luciferase |keratinocytes

under the
control of ARE

Human cell line | TG 442E |In vitro | THP-1 Protein 3. Activation

activation test  |(2023) expression of | of dendritic

(h-CLAT) CD54 and cells

CD86

U937 cell line |TG 442E |In vitro U937 Protein 3. Activation

activation test  |[(2023) expression of | of dendritic

(U-SENS™) CD86 cells

IL-8 reporter TG 442E |In vitro |THP-1-derived |Measurement |3. Activation

gene assay (IL- [(2023) IL-8 reporter of luminescence | of dendritic

8 Luc assay) from luciferase |cells
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Assay OECD |Type of |Used cell line |Read-out AOP key
TG method parameter factor
number

cell line (THP- |under the

G) control of IL-8
and GAPDH
Genomic TG 442E |In vitro |Subclone of Expression of a |3. Activation
allergen rapid  |(2023) MUTZ-3 cell |defined gene set | of dendritic
detection line (196 genes) cells
(GARD™) for (SenzaCell™)

assessment of
skin sensitizers

(GARD™gkin)

The majority of the in vitro NAMs measures the cellular reactions upon sensitizer
exposure via the gene and protein expression of characteristic markers or the secretion of
inflammatory cytokines. To demonstrate proficiency in executing the test method, the
OECD TG 442E (2023) requires testing a set of ten proficiency substances, ensuring
comparability of the results. These substances were chosen as they are well understood
and have documented reactivity profiles. However, in general, not every substance can
be tested due to solubility problems (e.g., chemicals with a high logP value, or some
chemical mixtures). Moreover, according to the OECD TG 442E (2023), it should be
shown that the assay has a reproducibility over time, involving repeated experiments
under the same conditions as well as consistent and reliable results across different time
points. In addition, reproducibility should also be confirmed by cross-laboratories studies
in which several laboratories perform the same test method to ensure consistent results

regardless of the location of the laboratories.

Until now, all OECD-accepted methods only address one of the key factors within the
AOP. Due to the complexity of the biological reactions of an ACD, NAMs addressing
only one key event are not sufficient as stand-alone methods. Therefore, different

methods need to be combined for a defined approach, which is described in the TG 497
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(OECD, 2023). A new NAM addressing several key events and mimic the native skin is

prone to deliver more reliable results, as it would be more in vivo like.

1.5 Advances in the generation of an immunocompetent skin model

Due to the complication of combining different methods to assess the skin sensitization
potential of a substance, there are several working groups, which are trying to generate a
prediction skin model with a stratified epidermis. Such a skin model would address at
least the first three key events of the AOP, from the haptenization to the activation of the
keratinocytes as well as dendritic cells. Another advantage of an immersed skin model,
which is cultured at the air-liquid interface (ALI), is the dry surface which enables the
study of a broader panel of chemicals, e.g., oily substances or cremes and other chemical

mixtures.

One example for an immunocompetent skin model is an ex vivo skin, obtained from
surgical procedures. However, fresh skin biopsies have many limitations, e.g., limited
viability (less than one day), the supply of fresh skin and reproducibility (Rodrigues
Neves and Gibbs, 2021). Consequently, ex vivo skin is not ideally suited for a potential

prediction model.

There are already some reconstructed human epidermis models for skin sensitization
testing, e.g., the commercially available SENS-IS assay (Cottrez et al., 2015, 2016).
Besides having no dermis, these models also only address the first two key events, as no

dendritic cell or T cell surrogates are integrated into the epidermis.

Until now, there is no commercially available assay for sensitization testing with an
immunocompetent skin model including fibroblasts, keratinocytes, and LC surrogates.
However, there are some in-house models (refer to Table 2) with first published results
of sensitizer treatment. All published results showed limitations in the prediction of
sensitization potential of known sensitizers. Moreover, the respective models cannot be

purchased.
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Table 2: In-house immunocompetent skin models with L.C surrogates.

List of first published results of in-house immunocompetent skin models. [modified from Rodrigues Neves

and Gibbs, 2021]

Immunocompetent |Cell lines and |Readout paramter |Test Reference
skin models collagen substances
Skin Equivalent-LC |NHEK and LC migration NiSO», Santegoets
(In house, VU NHEFB, (percentage of CD1a |resorcinol, |et al.
medical center) Melanocytes, cells in cinnamalde |(2008),
MUTZ-3- epidermis/dermis) |hyde Dos Santos
derived LC et al.
LC phenotyping (2009),
Collagen (upregulation Ouwehand
hydrogel CCR7, IL1a et al.
transcripts (QPCR); (2010)
CXCLS8 and CD83)
Reconstructed NHEK, CD34+- | LC phenotyping TNF-a, IL- |Facy et al.
epidermis with derived LC length of dendritic | 1b, DNFB, [(2005)
CD34 (+)-derived processes, oxazolone,
LCs (in house, Episkin® characteristic pPD,
L’Oréal Recherche) |collagen dermal |markers: Langerin, |NiSO4,
support CDla staining, IL- |eugenol,
1B and CD86 benzocaine
RHS with Mo-LC or | NHEK and LC phenotyping DNCB, Bock et al.
MUTZ-LC (In- NHFB characteristic pPD, (2018)
house model, (neonatal) markers: IL-6, IL-8, |isoeugenol,
University of IL-18, ATF3, IL-1pB, |[SDS
Berlin) Collagen CD83, CXCR4, and
hydrogel PD-L1
MUTZ-3 or LC migration
monocyte- (dermal CD1a and
derived LC CD207 positive
cells)
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1.6 Aim of this study

The aim of this study was to generate an immunocompetent skin model by integrating
LC-like cells into the Phenion® FT skin model. Such a model could enable the studying
of immune reactions, e.g., the biologic reactions after skin exposure to a sensitizer.
Furthermore, this study describes important steps for the development of a prediction
model to assess the sensitizing potential of a substance. An immunocompetent skin model
would be a great achievement for the cosmetic industry, among other industries, to test
new substances or mixtures, as animal tests are banned for evaluating substances for the

use in cosmetic products.

Before integrating the LC surrogate cells, the MUTZ-LCs, into the Phenion® FT skin
model, the differentiation of MUTZ-3 cells into MUTZ-LCs was analyzed, as the
published differentiation media differ in differentiation time and medium supplements.
To characterize the differentiation process, the phenotype as well as the morphology of
MUTZ-3 cells and MUTZ-LCs were analyzed by flow cytometry and microscopy,
respectively. In addition, the immunocompetence of the MUTZ-LCs was characterized

by sensitizer treatment.

After integrating the analyzed MUTZ-LCs into the Phenion® FT skin model, the
structural integrity of the tissue as well as the localization of the MUTZ-LCs was
determined. Furthermore, similar to the analysis conducted with the MUTZ-LC
suspension cells, the immunocompetence of the skin models with integrated MUTZ-LCs
was also addressed. To evaluate this, the skin models were treated with sensitizers, and
the resulting potential migration of the MUTZ-LCs was studied with
immunofluorescence microscopic images. In addition, Next Generation Sequencing
(NGS) was performed on a first set of treated skin models to identify potential read-out

parameters to assess the skin sensitization potential of a substance.
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2. Materials

2. Materials

2.1 Consumables and chemicals

Consumable or chemical

0.05 % Trypsin-Ethylenediaminetetraacetic
acid

96 U well plate

Ammonia/Ethanol

Antibody Diluent

Carboxyfluorescein succinimidyl ester (CFSE)
C-Chip disposable counting chambers
Caso and Wiirze agar plates

Cell culture dishes, plates and flasks

Centrifuge tubes, sterile (15 ml, 50 ml)
Cryogenic vials, CryoTubeTM Vials, 1.8 ml

Cryomold 25 mm x 20 mm x 5 mm
Dimethyl Sulfoxide (DMSO)
Deoxyribonuclease (DNase), RNase-free
Ethanol 100 %

Filter of 0.2 um (aPES membrane)

Fluorescence mounting medium

Globulins cohn fraction II, III human

Haematoxylin 7211
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Manufacturer/Supplier

Gibco (Thermo Fisher Scientific,
Carlsbad, CA, USA)

VWR (Radnor, PA, USA)

Merck (Darmstadt, Germany)

Agilent Dako (Santa Clara, CA, USA)
eBioscience Inc. (San Diego, CA,
USA)

NanoEnTek (Seoul, South Korea)
Sarstedt (Niimbrecht, Germany)
Cellstar (Greiner Bio-One,
Kremsmiinster, Austria)

Corning (Corning, NY, USA)

Nunc (Thermo Fisher Scientific,
Roskilde, Denmark)

Tissue-Tek (Sakura Finetek, Torrance,
CA, USA)

PanReac AppliChem (ITW Reagents,
Darmstadt, Germany)

Qiagen (Hilden, Germany)

Merck (Darmstadt, Germany)

Thermo Fisher Scientific (Waltham,
MA, USA)

Agilent Dako (Santa Clara, CA, USA)
Thermo Fisher Scientific (Waltham,
MA, USA)

Thermo Fisher Scientific (Waltham,
MA, USA)



2. Materials

Microscope slides, frosted (76 x 26 x 1 mm)

Phosphate-buffered saline (PBS) with/without
calcium and magnesium

Pipette tips

Propidium iodide (PI)

Proteinase K

Normal goat serum (10 %)

Recombinant RNasin®, RNase Inhibitor,
10,000u

Roti®-Histofix 4 %

Safe-lock test tubes

Shandon Eosin Y

Stripette™ Serological Pipets, Polystyrene
TurboFilter 96 Plates (24)

Thermolysin

Tissue freezing medium

Trypan blue

Xylene

22

Marienfeld (Lauda-Ko6nigshofen,
Germany)

Gibco (Thermo Fisher Scientific,
Carlsbad, CA, USA)

Eppendorf (Hamburg, Germany)
Sigma-Aldrich (Merck KGaA, St.
Louis, MO, USA)

Qiagen (Hilden, Germany)
Thermo Fisher Scientific (Waltham,
MA, USA)

Promega (Madison, WI, USA)

Carl Roth (Karlsruhe, Germany)
Eppendorf (Hamburg, Germany)
Thermo Fisher Scientific (Waltham,
MA, USA)

Corning (Corning, NY, USA)
Qiagen (Hilden, Germany)
Sigma-Aldrich (Merck KGaA, St.
Louis, MO, USA)

Leica (Wetzlar, Germany)
Sigma-Aldrich (Merck KGaA, St.
Louis, MO, USA)

Merck (Darmstadt, Germany)
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2.2 Antibodies

2.2.1 Antibodies for flow cytometry

Animal derived antibodies

Target
Allophycocyanin (APC) mouse anti-
human CD1

APC mouse anti-human CD86

APC mouse IgG1

Fluorescein isothiocyanate (FITC) mouse

anti-human CD14

FITC mouse anti-human human

leukocyte antigen-DR isotype (HLA-DR)

FITC mouse IgG2a

Phycoerythrin (PE) mouse anti-human

CD34

PE mouse anti-human Langerin

PE mouse IgG1

Dilution

1:

[E—
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167

:167

:167

:167

1167

1167

1167

1167

1167

Supplier

BD Pharmingen (BD
Biosciences, San Diego, CA,
USA)

BD Pharmingen (BD
Biosciences, San Diego, CA,
USA)

BD Pharmingen (BD
Biosciences, San Diego, CA,
USA)

BD Pharmingen (BD
Biosciences, San Diego, CA,
USA)

BD Pharmingen (BD
Biosciences, San Diego, CA,
USA)

BD Pharmingen (BD
Biosciences, San Diego, CA,
USA)

BD Pharmingen (BD
Biosciences, San Diego, CA,
USA)

Miltenyi Biotec (Bergisch
Gladbach, Germany)

BD Pharmingen (BD
Biosciences, San Diego, CA,

USA)



Recombinant antibodies

Target

Human CD14-
Vioblue

Human HLA-DR-
VioGreen

Human CD34-
Viobright515
Human CDla-PE

Human CD207-PE-
Vio770
Human CD54-APC

Human CD44-APC-
Vi0770

Human CD197-
Vioblue

Human CD40-
Viobright FITC
Human CD324-PE

Human CD18-APC
Human CD&6-APC
Human CD&3-APC-
V10770

Human CD&0-PE

Human CD184-APC

Article

number

130-110-582

130-111-948

130-120-522

130-112-022

130-112-213

130-121-342

130-113-339

130-117-353

130-110-950

130-111-839

130-119-091

130-116-161

130-110-506

130-123-253

130-120-708

Dilution

1:200

1:200

1:200

1:200

1:200

1:200

1:200

1:100

1:100

1:100

1:100

1:100

1:100

1:100

1:100
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Supplier

Miltenyi Biotec (Bergisch
Gladbach, Germany)
Miltenyi Biotec (Bergisch
Gladbach, Germany)
Miltenyi Biotec (Bergisch
Gladbach, Germany)
Miltenyi Biotec (Bergisch
Gladbach, Germany)
Miltenyi Biotec (Bergisch
Gladbach, Germany)
Miltenyi Biotec (Bergisch
Gladbach, Germany)
Miltenyi Biotec (Bergisch
Gladbach, Germany)
Miltenyi Biotec (Bergisch
Gladbach, Germany)
Miltenyi Biotec (Bergisch
Gladbach, Germany)
Miltenyi Biotec (Bergisch
Gladbach, Germany)
Miltenyi Biotec (Bergisch
Gladbach, Germany)
Miltenyi Biotec (Bergisch
Gladbach, Germany)
Miltenyi Biotec (Bergisch
Gladbach, Germany)
Miltenyi Biotec (Bergisch
Gladbach, Germany)
Miltenyi Biotec (Bergisch
Gladbach, Germany)
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REA Control (S)-
Vioblue

REA Control (S)-
VioGreen

REA Control (S)-
VioBright FITC
REA Control (S)-
Viobright515

REA Control (S)-PE

REA Control (S)-PE-
Vio770

REA Control (S)-
APC

REA Control (S)-
APC-Vio770

130-113-442

130-113-444

130-113-443

130-113-445

130-113-438

130-113-440

130-113-434

130-113-435

1:200 or
1:100
1:200

1:100

1:200

1:200 or
1:100
1:200 or
1:100
1:200 or
1:100
1:200 or
1:100

Miltenyi Biotec (Bergisch
Gladbach, Germany)
Miltenyi Biotec (Bergisch
Gladbach, Germany)
Miltenyi Biotec (Bergisch
Gladbach, Germany)
Miltenyi Biotec (Bergisch
Gladbach, Germany)
Miltenyi Biotec (Bergisch
Gladbach, Germany)
Miltenyi Biotec (Bergisch
Gladbach, Germany)
Miltenyi Biotec (Bergisch
Gladbach, Germany)
Miltenyi Biotec (Bergisch
Gladbach, Germany)

2.2.2 Antibodies for immunofluorescence staining

Primary antibodies

Target Host

CDla Mouse
CD207 Mouse
IgG1 Mouse

Article
number

sc-18885

DDX0361

14-4714-82

Dilution

1:250

1:33

1:250 or
1:33
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Supplier

Santa Cruz Biotechnolo
(Dallas, TX, USA)
Dendritics (Origene

gy

Technologies, Rockville, MD,

USA)

Invitrogen (Thermo Fisher

Scientific, Carlsbad, CA, USA)



2. Materials

Secondary antibodies

Target Host Article Dilution Supplier

number
Anti-mouse IgG, Goat A11017 1:200 Invitrogen (Thermo Fisher
AlexaFluor 488 Scientific, Carlsbad, CA, USA)
(FITC)
4'.6-diamidino-2- - D9542 1:1000 Sigma-Aldrich (Merck KGaA,
phenylindole St. Louis, MO, USA)
(DAPI)

2.3 Materials for flow cytometric analysis

2.3.1 Materials for Accuri Cytometer
Chemical

Bacteriostatic concentrate solution (Sheath)
Cleaning concentrate solution

Running buffer autoMACS

Spherotech 6-Peak validation beads

Spherotech 8-Peak validation beads

2.3.2 Materials for MACS Quant 10

Chemical

Running Buffer

Wash Buffer
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Supplier

BD Biosciences (San Jose, CA, USA)
BD Biosciences (San Jose, CA, USA)
Miltenyi Biotec (Bergisch Gladbach,
Germany)

BD Accuri Cytometers (BD
Biosciences, Ann Arbor, MI, USA)
BD Accuri Cytometers (BD
Biosciences, Ann Arbor, MI, USA)

Supplier

Miltenyi Biotec (Bergisch Gladbach,
Germany)

Miltenyi Biotec (Bergisch Gladbach,

Germany)



2. Materials

Storage Solution Miltenyi Biotec (Bergisch Gladbach,
Germany)

Bleach Solution Miltenyi Biotec (Bergisch Gladbach,
Germany)

Running Buffer autoMACS Miltenyi Biotec (Bergisch Gladbach,
Germany)

Propidium Iodide Miltenyi Biotec (Bergisch Gladbach,
Germany)

Calibration Beads Miltenyi Biotec (Bergisch Gladbach,
Germany)

Tandem Signal Enhancer Miltenyi Biotec (Bergisch Gladbach,
Germany)

2.4 Kits

Name Application Order Company

number

TUNNEL assay, In Situ For detection of 11684795910  Roche (Basel,

Cell Death Detection apoptotic cells in Switzerland)

Kit, fluorescein tissue sections

RNeasy 96 Kit For isolating RNA 74181 Qiagen (Hilden,
of cells Germany)

2.5 Chemicals for cell and skin model treatment

Chemical Supplier (Article number, location)
1-Chloro-2.,4,dinitrobenzen (DNCB), Sigma-Aldrich (237329-10g, Merck KGaA,
CAS 97-007 St. Louis, MO, USA)

Imidazolidinyl-Urea, CAS 39236-46- Sigma-Aldrich (I5133-25g, Merck KGaA, St.
9 Louis, MO, USA)
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Nickel (IT)sulfate hexahydrate
(NiSO4), CAS 10101-970

Aceton

PBS without calcium and magnesium

2.6 Eukaryotic cells
Name

MUTZ-3 cells

MUTZ-LCs
Fibroblasts
Keratinocytes

5637 cells

2.7 Culture media

Fibroblast Medium

Supplement

Dulbecco’s Modified Eagle
Medium (DMEM) +
Glutamax/Ham's F12 Medium
Fetal calf serum (FCS) heat
inactivated (at 56 °C for 30 min)

Ascorbic acid-2-phosphate

Sigma-Aldrich (N4882-250g, Merck KGaA,
St. Louis, MO, USA)

Merck (Darmstadt, Germany)

Gibco (Thermo Fisher Scientific, Carlsbad,
CA, USA)

Reference

Leibniz Institute DSMZ (German Collection of
Microorganisms and Cell Cultures

GmbH) (Braunschweig, Germany)

This work

Phenion® (Henkel, Diisseldorf, Germany)
Phenion® (Henkel, Diisseldorf, Germany)
Leibniz Institute DSMZ (Braunschweig,

Germany)

Concentration Producer

3:1 Invitrogen (Thermo Fisher

Scientific, Carlsbad, CA, USA)

10 % Invitrogen (Thermo Fisher

Scientific, Carlsbad, CA, USA)

I mM Sigma-Aldrich (Merck KGaA,

St. Louis, MO, USA)
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2. Materials

Penicillin 100 TU/ml Invitrogen (Thermo Fisher
Scientific, Carlsbad, CA, USA)

Streptomycin 100 pg/ml Invitrogen (Thermo Fisher
Scientific, Carlsbad, CA, USA)

Keratinocyte Medium

Supplement Concentration Producer

DMEM + Glutamax/Ham's F12 3:1 Invitrogen (Thermo Fisher

Medium Scientific, Carlsbad, CA, USA)

Adenine 24.3 ng/ml Sigma-Aldrich (Merck KGaA,
St. Louis, MO, USA)

Ascorbic acid-2-phosphate 1 mM Sigma-Aldrich (Merck KGaA,
St. Louis, MO, USA)

Cholera toxin 1 x10°M Sigma-Aldrich (Merck KGaA,
St. Louis, MO, USA)

Epidermal growth factor (EGF) 10 ng/ml Sigma-Aldrich (Merck KGaA,
St. Louis, MO, USA)

Fetalchlone I1 10 % Hyclone (Thermo Fisher
Scientific, Logan, UT, USA)

Hydrocorisone 0.4 pg/ml Sigma-Aldrich (Merck KGaA,
St. Louis, MO, USA)

Insulin 0.12 TU/ml Sigma-Aldrich (Merck KGaA,
St. Louis, MO, USA)

Penicillin 100 TU/ml Invitrogen (Thermo Fisher
Scientific, Carlsbad, CA, USA)

Streptomycin 100 pg/ml Invitrogen (Thermo Fisher
Scientific, Carlsbad, CA, USA)

Triiodthyronine 2x10°M Sigma-Aldrich (Merck KGaA,

St. Louis, MO, USA)
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2. Materials

ALI Medium

Supplement

DMEM + Glutamax / Ham's F12
Medium

Ascorbic acid-2-phosphate

Bovine serum albumin (BSA)

Hydrocortisone

Insulin

Penicillin

Streptomycin

5637 Medium
Supplement
RPMI 1640

FCS, heat inactivated (at 56 °C for
30 min)
2-Mercaptoethanol (55 mM)

Penicillin 10,000 U/ml,
streptomycin 10,000 pg/ml

Concentration

3:1

1 mM

1.6 mg/ml

0.4 ng/ml

0.12 IU/ml

100 IU/ml

100 pg/ml

Concentration

10 %

0-1 % (50 uM)

1%
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Producer

Invitrogen (Thermo Fisher
Scientific, Carlsbad, CA, USA)
Sigma-Aldrich (Merck KGaA,
St. Louis, MO, USA)
Invitrogen (Thermo Fisher
Scientific, Carlsbad, CA, USA)
Sigma-Aldrich (Merck KGaA,
St. Louis, MO, USA)
Sigma-Aldrich (Merck KGaA,
St. Louis, MO, USA)
Invitrogen (Thermo Fisher
Scientific, Carlsbad, CA, USA)
Invitrogen (Thermo Fisher

Scientific, Carlsbad, CA, USA)

Producer

Gibco (Thermo Fisher
Scientific, Carlsbad, CA,
USA), Biowest

Biochrom

Gibco (Thermo Fisher
Scientific, Carlsbad, CA,
USA)

Gibco (Thermo Fisher
Scientific, Carlsbad, CA,
USA)
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Maintenance Medium

Supplement Concentration Producer

alpha-MEM (1x) Gibco (Thermo Fisher
Scientific, Carlsbad, CA, USA)

FCS, heat inactivated (at 56 °C for 20 % Merck (Darmstadt, Germany)

30 min)

Sterile filtered 5637-conditioned 10 % This work

medium

Penicillin 10,000 U/ml, 1% Gibco (Thermo Fisher

streptomycin 10,000 pg/ml Scientific, Carlsbad, CA, USA)

2-Mercaptoethanol (55 mM) 0.1 % (50 uM)  Gibco (Thermo Fisher

Scientific, Carlsbad, CA, USA)

STT Medium

Supplement Concentration Producer

alpha-MEM (1x) Gibco (Thermo Fisher
Scientific, Carlsbad, CA, USA)

FCS, heat inactivated (at 56 °C for 20 % Merck (Darmstadt, Germany)

30 min)

Sterile filtered 5637-conditioned 10 % This work

medium

Penicillin 10,000 U/ml, 1% Gibco (Thermo Fisher

streptomycin 10,000 pg/ml Scientific, Carlsbad, CA, USA)

2-Mercaptoethanol (55 mM) 0.1 % (50 uM)  Gibco (Thermo Fisher
Scientific, Carlsbad, CA, USA)

Transforming growth factor 10 ng/ml PeproTech (100-21C, Thermo

(TGF)-p Fisher Scientific, Cranbury, NJ,
USA)

Tumor necrosis factor (TNF)-a 2.5 ng/ml PeproTech (300-01A, Thermo

Fisher Scientific, Cranbury, NJ,
USA)
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5TTG Medium

Supplement
alpha-MEM (1x)

FCS, heat inactivated (at 56 °C for
30 min)

Sterile filtered 5637-conditioned
medium

Penicillin 10,000 U/ml,
streptomycin 10,000 pg/ml
2-Mercaptoethanol (55 mM)

Granulocyte-macrophage colony-
stimulating factor (GM-CSF)

TGF-B

TNF-o

TTG Medium (with 20 % FCS)

Supplement
alpha-MEM (1x)

FCS, heat inactivated (at 56 °C for
30 min)

Penicillin 10,000 U/ml,
streptomycin 10,000 pg/ml
2-Mercaptoethanol (55 mM)

Concentration

20 %

10 %

1%

0.1 % (50 uM)

100 ng/ml

10 ng/ml

2.5 ng/ml

Concentration

20 %

1%

0.1 % (50 uM)
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Producer

Gibco (Thermo Fisher
Scientific, Carlsbad, CA, USA)
Merck (Darmstadt, Germany)

This work

Gibco (Thermo Fisher
Scientific, Carlsbad, CA, USA)
Gibco (Thermo Fisher
Scientific, Carlsbad, CA, USA)
Miltenyi Biotech (130-093-
867, Bergisch Gladbach,
Germany)

PeproTech (100-21C, Thermo
Fisher Scientific, Cranbury, NJ,
USA)

PeproTech (300-01A, Thermo
Fisher Scientific, Cranbury, NJ,
USA)

Producer

Gibco (Thermo Fisher
Scientific, Carlsbad, CA, USA)
Merck (Darmstadt, Germany)

Gibco (Thermo Fisher
Scientific, Carlsbad, CA, USA)
Gibco (Thermo Fisher
Scientific, Carlsbad, CA, USA)
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GM-CSF 100 ng/ml Miltenyi Biotech (130-093-
867, Bergisch Gladbach,
Germany)

TGF-p 10 ng/ml PeproTech (100-21C, Thermo
Fisher Scientific, Cranbury, NJ,
USA)

TNF-a 2.5 ng/ml PeproTech (300-01A, Thermo
Fisher Scientific, Cranbury, NJ,
USA)

TTG Medium (with 5 % FCS)

Supplement Concentration Producer

alpha-MEM (1x) Gibco (Thermo Fisher
Scientific, Carlsbad, CA, USA)

FCS, heat inactivated (at 56 °C for 5% Merck (Darmstadt, Germany)

30 min)

Penicillin 10,000 U/ml, 1% Gibco (Thermo Fisher

streptomycin 10,000 pg/ml Scientific, Carlsbad, CA, USA)

2-Mercaptoethanol (55 mM) 0.1 % (50 uM)  Gibco (Thermo Fisher
Scientific, Carlsbad, CA, USA)

GM-CSF 100 ng/ml Miltenyi Biotech (130-093-
867, Bergisch Gladbach,
Germany)

TGF-p 10 ng/ml PeproTech (100-21C, Thermo
Fisher Scientific, Cranbury, NJ,
USA)

TNF-a 2.5 ng/ml PeproTech (300-01A, Thermo

Fisher Scientific, Cranbury, NJ,
USA)
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TTG Medium (with 4 % Ultroser G)

Supplement Concentration Producer
alpha-MEM (1x) Gibco (Thermo Fisher
Scientific, Carlsbad, CA, USA)
Ultroser G 5% Pall BioSepra (Cergy, France)
Penicillin 10,000 U/ml, 1% Gibco (Thermo Fisher
streptomycin 10,000 pg/ml Scientific, Carlsbad, CA, USA)
2-Mercaptoethanol (55 mM) 0.1 % (50 uM)  Gibco (Thermo Fisher
Scientific, Carlsbad, CA, USA)
GM-CSF 100 ng/ml Miltenyi Biotech (130-093-
867, Bergisch Gladbach,
Germany)
TGF-B 10 ng/ml PeproTech (100-21C, Thermo
Fisher Scientific, Cranbury, NJ,
USA)
TNF-a 2.5 ng/ml PeproTech (300-01A, Thermo
Fisher Scientific, Cranbury, NJ,
USA)
2.8 Laboratory equipment
Instrument Manufacturer
Accuri C6 Flow Cytometer BD Biosciences (San Jose, CA, USA)
Cryostat SM 1900 Thermo Fisher Scientific (Waltham,
MA, USA)
Fluorescence & light microscope (inverse Olympus (Tokyo, Japan)
microscope CKX41 and fluorescence
microscope BX51)
Gemini AS automated slide stainer Thermo Fisher Scientific (Waltham,
MA, USA)
Heraeus Multifuge X3R Thermo Fisher Scientific (Waltham,
MA, USA)
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Incubator

Laminar flow hood

MACS Quant 10

Microscope digital cameras DP71 and XC10,
magnification 0.5x
Multimode microplate reader Tecan Spark®

Nanodrop ND-1000 Spectrophotometer

Optical cohrerence tomography imaing
system

Pipettes

Water Bath

2.9 Programs and software

Program/Software

MACS Quantify

Microsoft Office 365
Fiji/Image] 1.52i
SparkControlTM Software

CellSense Dimension
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BINDER (Tuttlingen, Germany)
Thermo Fisher Scientific (Waltham,
MA, USA) / Holten LaminAir
Miltenyi Biotec (Bergisch Gladbach,
Germany)

Olympus (Tokyo, Japan)

Tecan (Ménnedorf, Switzerland)
PEQLAB (VWR, Erlangen,
Germany)

Thorlabs (Newton, NJ, USA)

Eppendorf (Hamburg, Germany)
Memmert (Schwabach, Germany)

Supplier

Miltenyi Biotec (Bergisch Gladbach,
Germany)

Microsoft (Redmond, WA, USA)
NIH (Bethesda, MD, USA)

Tecan (Ménnedorf, Switzerland)

Olympus (Tokyo, Japan)



3. Methods

3. Methods

3.1 Cell culture

All cell culture was performed in an incubator at 37 °C with 5 % CO> and humidified
atmosphere. For working with the cells, a laminar flow hood was used to ensure aseptic
conditions. The suspension cells, MUTZ-3 cells and MUTZ-LCs were cultured in a 12-
well flat-bottomed plate with 2 ml cell suspension per well. In contrast, all used adherent
cells, fibroblasts, keratinocytes and 5637 cells, were cultured in 175 cm? flasks with 25 ml
cell suspension per flask. The general cell culture (refer to 3.1.1, 3.1.3, 3.1.4) of the
fibroblasts and keratinocytes was conducted according to the Standard Operation
Procedure (SOP) documents provided by Henkel. These protocols are also used for the
Phenion® Full-Thickness (FT) skin model production. The supplements of the used cell
culture media are listed in 2.7. The cells were centrifuged for 5 min at 200 rcf and room
temperature, except fibroblasts and keratinocytes, which were centrifuged for 3 min at
200 rcf. In order to determine the number of viable cells, the cells were stained with trypan
blue, which stains dead cells blue (product data sheet, Sigma-Aldrich). After that, the
cells were transferred in disposable counting chamber enabling a reliable counting of

viable and blue-stained dead cells under the microscope.

3.1.1 Thawing of frozen cells

As dimethyl sulfoxide (DMSO) is toxic above 4 °C (Bouroncle et al., 1967), the cells
were quickly thawed in a 37 °C water bath. As soon as only small clumps of ices were
left, the cells were diluted with pre-warmed fresh medium to minimize the toxic effect of
DMSO. After that, the cells were centrifuged, counted, and transferred into the required
volume of medium. Depending on the cell line, the adjusted cell suspension was then split

into new 12-well plates or 175 cm? flasks.
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3.1.2 Splitting of suspension cells

As suspension cells, the MUTZ-3 cells and MUTZ-LCs, were splitted by centrifuging
and counting the cells. After adjusting the cell suspension with pre-warmed medium
accordingly to ~5 x 10> MUTZ-3 cells or ~2.5 x 10° MUTZ-LCs per ml, the cells were

transferred into 12-well plates.

3.1.3 Splitting of adherent cells

After aspirating the medium, the cells were washed once with phosphate-buffered saline
(PBS) to remove any remaining culture medium. To detach the cells, 5 ml trypsin was
added to each flask and the cells were incubated at 37 °C for 7 min (5637 cells) or at room
temperature for 2 min (fibroblasts). For the splitting of keratinocytes, which were cultured
on feeder cells, the growth-inhibited fibroblasts needed to be removed at first. To
accomplish this, 5 ml trypsin was added to the cells, which were then incubated for 2 min
at room temperature. Subsequently, the fibroblast suspension was removed. Afterward,
5 ml trypsin was added again and the cells were incubated for 5 min at 37 °C to detach

the keratinocytes.

Once the cells were detached, the trypsin was inactivated by adding 10 ml pre-warmed
medium (including serum). Following centrifugation and cell counting, the appropriate
volume of medium was added, and the adjusted cell suspension was transferred into
175 cm? flasks (3.0 x 10° 5637 cells per flask, 5.5 x 10° keratinocytes, fibroblasts or
growth-inhibited fibroblasts per flask).

3.1.4 Freezing of cells

Adherent cells were detached with trypsin, following the described protocol in 3.1.3. The
detached adherent cells or the suspension cells were centrifuged, counted, resuspended in
culture medium, and transferred into cryogenic vials (500 pl per vial). After that, the cell
suspension was diluted with an equal volume of culture medium containing 20 % DMSO.

DMSO functions as a cryoprotective agent, as it reduces the formation of ice crystals and
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thus, prevents cell death (Chen and Thibeault, 2013). The cells were not directly
resuspended in culture medium supplemented with 10 % DMSO in order to minimize the
cell exposure time to the toxic DMSO. The cryogenic vials were stored for approximately

one day at -80 °C, before being stored in the air phase of liquid nitrogen.

3.1.5 5637-conditioned medium

In order to obtain the 5637-conditioned medium (5637CM), which was required for the
culture of MUTZ-3 cells, 5637 cells were cultured in a 175 cm? flask at a cell density of
3.0 x 10° cells per ml in 5637 medium. The cells were cultured for at least two weeks
after thawing the cells and splitting the cells three times a week. Next, the conditioned
medium was collected when passaging the 5637 cells after two days of culturing. The
collected medium was filtered through a sterile filter of 0.2 um to exclude contaminating

non-adherent cells. The 5637CM was stored as 5-15 ml aliquots at -80 °C.

3.1.6 Culture of MUTZ-3 cells

The MUTZ-3 cells were purchased at the Leibniz Institute DSMZ. They were cultured at
~5 x 10° MUTZ-3 cells per ml in a 12 well plate. The cells were cultured in maintenance
medium and split every three or four days, so twice a week, which is within the time

period recommended by the Leibnitz Institute DMSZ (four to six days).

3.1.7 Differentiation of MUTZ-3 cells into MUTZ-LCs

To generate a surrogate cell line for Langerhans cells (LCs), the MUTZ-3 cells were
differentiated into LC like cells (called MUTZ-LCs). Before starting the differentiation,
the MUTZ-3 cells were cultured for at least two weeks to ensure enough recovering time
for the cells after the thawing process. Upon reaching the required quantity of MUTZ-3
cells, it was essential to ensure that the cell count exceed approximately twice the desired
number of MUTZ-LCs, considering the potential loss in cell viability during
differentiation. At this stage, the differentiation could be started.
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During this study, various differentiation protocols were tested. The MUTZ-3 cells were
differentiated either over 7 or 14 days (with changing the medium after 7 days). In
addition, the effect of different medium supplements was tested: granulocyte-macrophage
colony-stimulating factor (GM-CSF), 5736CM and fetal calf serum (FCS). The tested
differentiation media are listed in 2.7 (5TT, 5TTG, TTG - with varying FCS
concentration). In the optimized and thus final differentiation protocol the MUTZ-3 cells
were differentiated into MUTZ-LCs for seven days in TTG medium supplemented with
5 % FCS.

3.1.8 Labelling of MUTZ cells with CFSE

One method to track the MUTZ-LCs within the Phenion® FT skin model is the cell
labeling with the fluorescent cell staining dye carboxyfluorescein ester (CFSE). The
staining was conducted based on the CFSE manufacturer’s product data sheet (“CFSE
cell labeling protocol”, eBioscience Inc.). First, the cells were washed twice with PBS
(without calcium and magnesium) and were then resuspended in 1 uM CFSE (in PBS
without calcium and magnesium, ~5-10 x 10° cells per ml). After incubating the cells for
10 min at 37 °C in the dark, the labelling was stopped by adding four times the amount
of serum-containing medium. Next, the cells were incubated on ice for 5 min, washed
twice with medium containing serum and resuspended in the culture medium. One aliquot
with at least 2 x 10° cells was measured with flow cytometry to evaluate the fluorescence

intensity of the CFSE-labeled cells.

3.1.9 Treating MUTZ-LCs with sensitizers

To test, whether the MUTZ-LCs can be activated with a sensitizer, the cells were treated
for 24 h with 1-Chloro-2,4,dinitrobenzene (DNCB), an extreme sensitizer, and
imidazolidinyl urea (I. Urea), a weak sensitizer. The chemical solutions were freshly
prepared on the same day of measurement. To identify the sensitizer concentration
corresponding to a cell viability (CV) of 75 % compared to the vehicle control, a dose
finding assay was performed, based on the one for the h-CLAT assay (OECD TG 442E,
2023). After treating the cells (analogous to the described protocol below) with a dilution
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series of the chemical, the cells were stained with propidium iodide (PI) and flow

cytometrically analyzed (refer to 3.2) to measure the viability of the cells.

First, the cells were collected, centrifuged, and counted. The cells were resuspended with
differentiation medium to achieve a cell density of ~6 x 10° cells per ml. The adjusted
cell suspension was transferred into a 24 well flat-bottomed plate with 500 pl per well.
Subsequently, the cell suspension was diluted with the same volume of differentiation
medium with or without chemical (500 pl per well). Besides the negative control
(untreated cells), the cells were treated with DNCB and the corresponding vehicle control
DMSO as well as I. Urea and the corresponding vehicle control PBS. After the 24 h
incubation time in an incubator at 37 °C with 5 % CO; and humidified atmosphere, the
expression levels of characteristic surface proteins were analyzed with flow cytometry

(refer to 3.2).

3.2 Flow cytometric analysis — Staining of surface antigens

The first experiments of this study were performed with antibodies from BD and the flow
cytometer Accuri C6. After that, recombinant antibodies (REAfinity™) from Miltenyi
Biotec were used as well as the flow cytometer MAQS Quant 10 from Miltenyi Biotec.
This switch occurred, since it was associated with some advantages: For one, the MACS
Quant 10 has more channels than the Accuri and the recombinant antibodies are offered
with various fluorochromes, which enabled a parallel staining with different antibodies
(large multi-panel). In addition, Miltenyi Biotec claims that the recombinant antibodies
have a higher specificity and lower background signals compared to other antibodies

(product data sheet, Miltenyi Biotec). The used antibodies are listed in 2.2.1.
The staining protocol differs depending on the used antibodies. PI was added to the

samples before starting the measurement to stain and thus exclude the dead cells from the

analysis.
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With animal-derived antibodies from BD and the Accuri C6 flow cytometer:

First, the cells were washed twice with MACS Flow Buffer. Next, a blocking solution
containing 0.1 % Globulins Cohn Fraction I, II (in PBS) was added to block non-specific
Fc-mediated interactions. After an incubation for 10 min at 4 °C, the samples were
washed with MACS Flow Buffer and transferred into the required number of flow
cytometer tubes (100 pl per tube) or wells in a 96 well plate (50 pl per well). Except for
the unstained control, the antibody was added to the cell suspension (6 pl per tube and
respectively 3 pl per well) and incubated for 30 min at 4 °C in the dark. Next, the cells
were washed twice with MACS Flow Buffer and resuspended in 150 pl MACS Flow
Buffer containing 0.625 pg/ml PI to label dead cells (without PI for the unstained control).

The cells were measured with the Accuri C6 Flow Cytometer.

With recombinant antibodies from Miltenyi Biotec and MACS Quant flow cytometer:

This protocol is based on the one recommended by Miltenyi Biotec (product data sheet
REAfinity™ antibodies, “Cell surface flow cytometry staining protocol”, Miltenyi
Biotec). First, the cells were washed once with MACS Flow Buffer and then transferred
into the required number of flow cytometer tubes or wells in a 96 well plate. After
centrifuging the cells again, they were resuspended in 100 ul MACS Flow Buffer
containing the antibodies (or without antibodies as an unstained control). Subsequently,
the cells were incubated for 10 min at 4 °C in the dark. The cells were washed once with
MACS Flow Buffer, resuspended in 200 pl MACS Flow Buffer and then measured with
the MACS Quant flow cytometer. The MACS Quant was set to automatically add 1:100
PI to each sample (except the unstained control) before starting the measurement. This

way, it was guaranteed, that every sample had the same incubation time with PI.

3.3 Generation of Phenion® Full-Thickness skin model

3.3.1 Established protocol to produce the Phenion® Full-Thickness skin model

The protocol to produce Phenion® FT skin models was already published by Phenion®
(www.phenion.com), as described by Mewes et al. (2007). To generate a Phenion® FT

skin model, human fibroblasts and keratinocytes were used from the same donor. The
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supplements of the used media are listed in 2.7. In total, it takes at least seven weeks to
produce a standard Phenion® FT skin model. The protocol can be divided into six
sections:
I.  Washing the matrix

II.  Culture of fibroblasts

III.  Seeding fibroblasts on the matrix
IV.  Culture of keratinocytes

V.  Seeding keratinocytes on the dermis model

VI.  Transferring the skin models in the Air-Liquid Interface (ALI)

An overview of the timeframe and protocol steps is depicted in Figure 6. First, the IP-
protected matrices were incubated with 70 % ethanol for one hour, washed with PBS and
lastly were incubated with fibroblast medium. In parallel, the culture of fibroblasts
started. For that, the fibroblasts were thawed and cultured at a cell density of 5.5 x 10°
cells per 175 cm? flask in fibroblast medium. After three days, the medium was changed
with fresh fibroblast medium. On the fourth day, the fibroblasts were detached with
trypsin (as described in 3.1.3), centrifuged, resuspended with pre-warmed fibroblast
medium and counted. The cell suspension was adjusted to 5 x 103 cells per ml with
fibroblast medium. 1 ml of the adjusted cell suspension was added to each matrix. The
medium of the “dermis models” was exchanged every other day. One week after the
fibroblast seeding, the culture of the keratinocytes started. For that, fibroblasts, which
were growth-inhibited with mitomycin C, were used as feeder cells for the keratinocytes,
as the fibroblasts secrete cytokines which are crucial for keratinocyte growth (Jubin et al.,
2011). The cells were seeded at a density of 5.5 x 10° cells per flask and cultured in
keratinocyte medium. After two days, the keratinocytes were added to the conditioned
medium (5.5 x 10 cells per flask). The keratinocytes were cultured for five days before
they were harvested. The medium of the dermis models was removed and 0.45 x 10°
keratinocytes per model were added (in keratinocyte medium). The medium was
exchanged the next day. The day after that, the skin models were transferred in ALI phase.
For that, the skin models were positioned on a filter paper, which was placed on a spacer
in a petri dish (78.5 cm?) filled with ~35 ml ALI medium. The volume of the ALI medium
needed to be adjusted so that it was level with the filter paper to enable a continuous

supply of medium. After three days of ALI culture, the medium was removed, and the
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skin models were “starved” for ~24 h. This “starving” process was repeated two days

later. After that, the medium was changed three times a week.
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Figure 6: Overview of the Phenion® Full-Thickness skin model production.

Depicted is the protocol of the Phenion® Full-Thickness skin model production, which can be divided into
matrix preparation, cell culture (fibroblasts and keratinocytes) and dermis as well as skin model production.
The detailed daily timeline is also shown. Scale bar represents 1 day, applicable to the bar charts.

3.3.2 Integrating MUTZ-LCs into the Phenion® Full-Thickness skin model

To generate an immunocompetent skin model with integrated MUTZ-LCs, slight
modifications of the established skin model production protocol (refer to 3.3.1) were
done. During the first experiments, the MUTZ-LCs (1 x 10° cells per model), unlabeled
or labeled with CFSE, were seeded together with keratinocytes (0.45 x 10° cells per
model) on the dermis models. However, the MUTZ-LCs were not successfully integrated

with this protocol. Therefore, the MUTZ-LCs (1 x 10° cells per model) and keratinocytes
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(0.25 x 10° cells per model) were seeded on the dermis model. After one hour, another
layer of 0.25 x 10° keratinocytes was seeded to integrate the MUTZ-LCs. Furthermore,
to ensure an adequate medium supply for the increased number of cells, the original
volume of 1 ml keratinocyte medium was increased to 2 ml. Moreover, the skin models
were not “starved” for 24 h in ALI phase, as the effect of the “starving” on the MUTZ-
LC integration is not known. After at least ten days of culturing in ALI phase, the skin

models were analyzed.

3.3.3 Treating the Phenion® Full-Thickness skin models with sensitizers

In order to analyze the immunocompetence of the Phenion® FT skin models, they were
treated with the sensitizers DNCB (in PBS) and NiSOs (in Acetone). Untreated skin
models and skin models treated with the vehicle controls, PBS and Acetone, served as
controls. To determine the highest sensitizer concentration, which still corresponds to
viability comparable to the controls, a dose finding assay was performed. For that, the
skin models were treated with dilution series of the sensitizers. The viability was analyzed
with a MTT assay (refer to 3.4.2), and the tissue integrity was studied with hematoxylin-

eosin-stained (HE-stained) frozen sections (refer to 3.4.5).

Before starting the treatment, the skin models were transferred from being cultured on a
filter with three to five other skin models to a stand-alone culture. This was done to
prevent potential cross-contamination of chemicals between the skin models. The skin
models were transferred on a filter paper, which was placed on a spacer in a 100/20 mm
petri dish filled with 5.6 ml ALI medium. After preparing the chemical solutions, 50 pl
of the chemical solution was evenly applied to the surface of each skin model without
damaging the models. Next, the skin models were incubated for 20 h in an incubator at
37 °C with 5 % CO; and humidified atmosphere. Finally, the skin models were shortly
emerged in PBS to remove any chemical residues on the surface. The skin models were
either histological prepared (refer to 3.4.4) or the RNA was isolated for further analyses
(refer to 3.4.9).
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3.4 Analyzing the Phenion® Full-Thickness skin model without and with
MUTZ-LCs

3.4.1 Optical coherence tomography images

Before further analyzing the Phenion® FT skin models after at least ten days of culture in
the ALI phase, optical coherence tomography (OCT) images were taken. The OCT

images enabled an evaluation the structure of the skin models without being invasive.

3.4.2 MTT assay

To assess the viability of the skin models, a thiazolyl blue tetrazolium blue (MTT) assay
is a commonly used colorimetric method, first described by Mosmann et al. (1983).
Hereby, the cellular metabolic activity is measured by mitochondrial NAD(P)H-
dependent oxidoreductase, which convert the MTT into formazan. While the MTT
produces a yellow-colored solution, the formazan is dark-blue and hydrophobic. The blue
»formazan crystals* are solubilized with isopropanol. Consequently, the supernatant of
vital skin models is deeply purple colored after eluting with isopropanol. In contrast, the
solution becomes increasingly transparent/clear with an elevated degree of damage to the
skin models. Subsequently, the quantification of the respective color intensities is

performed by measuring the supernatants at 570 nm.

The MTT assay was performed as described in the SOP from Henkel. On day seven of
ALI phase, four days before starting the MTT assay, the ALI medium was changed to
phenol red-free ALI medium. This was done to prevent interfere from phenol red in the
photometric measurement. The skin models were first washed by emerging the models
completely in PBS (in a 12 well plate). This washing step was performed to get rid of any
medium or substances, in case the skin models were treated before with a chemical. After
briefly drying the skin models on a paper tissue, they were quartered with a scalpel and
transferred into a 24 well plate. Next, I ml of the 0.5 mg/ml MTT solution (diluted in
PBS with calcium and magnesium) were added to each skin model. The skin models were
incubated for three hours in an incubator at 37 °C with 5% CO> and humidified
atmosphere. This was followed by another washing step with PBS (with calcium and

magnesium). After drying the skin models on a paper tissue, the skin models were
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transferred in a new 24 well plate. 1 ml isopropanol (99.8 %) was added to each skin
model. The plate was closed with parafilm and incubated overnight at 4 °C. On the next
day, the plate was placed on a shaker for approximately 30 min to reach room
temperature. After removing the skin models, at least two times 200 pl of each sample
was transferred into a 96 well plate with flat bottom. Lastly, the samples were measured
in a microtiter plate (Tecan) at 570 nm. If the measured absorption was outside the
instrument measurement plate, the samples were diluted 1:2 with isopropanol and

measured again at 570 nm.

The viability of the skin models was calculated as a percentage, based on the controls,
which were usually untreated skin models. Phenol red-free ALI medium served as a blank
and the mean of the blank replicates was used to correct the optical density of the

measured skin model samples.

3.4.3 Separation of epidermis

In order to enable an independent analysis of the epidermis and dermis of the Phenion®
FT skin models, it was necessary to first separate the skin layers. This was done
enzymatically, as described by Reisinger et al. (2018), by placing the skin models with
the epidermis facing upward in 12 well plates containing 300 pl thermolysin per well or
one half of the skin model in 24 well plates filled with 150 pl thermolysin. The skin
models were incubated for one to two hours at 4 °C before separating the layers with the
help of tweezers. Subsequently, the RNA was isolated from the layers (refer to 3.4.9) or
the epidermis was embedded in fluorescence mounting medium and examined under a

fluorescence microscope to visualize the integrated CFSE-labeled MUTZ-LCs.

3.4.4 Preparation of frozen tissue section

At least one half of the Phenion® FT skin models was used to further analyze the tissue
architecture of the skin models. For that, one half of the skin model was embedded in
tissue freezing medium in cryomolds. Next, it was frozen at -20 °C and cut into ~8 pm
sections with a cryostat SM 1900. Subsequently, the tissue sections were then further

stained (refer to 3.4.5 and 3.4.6).
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3.4.5 Haematoxylin and eosin staining of frozen tissue

The haematoxylin and eosin (HE) staining is a commonly used method, which enables
the distinction of various tissue structures. Hematoxylin stains acidic and basophile
structures blue, e.g., nucleus (the nucleic acids) and ribosomes, while eosin stains basic
and acidophile structures pink/red, e.g., cytoplasm and extracellular matrix (the collagen
fibers and proteins) (Chan, 2014). The combination of the two dyes was first described
by Wissowzky (1877).

The prepared frozen tissue sections were stained with HE in an automated slide stainer

(HistoTek), as described in the SOP from Henkel. For that, the following protocol was

programmed:
L. 3 min incubation in Roti®-Histofix
II. 2 min incubation in Roti®-Histofix
1. 3 min incubation in Roti®-Histofix

IV. 3 min incubation in distilled water
V. 2 min incubation in haematoxylin
VI. 2 min incubation in distilled water
VII. 30 s incubation in 70 % ethanol

VIII. 20 s incubation in ammonia/ethanol

IX. 1 min incubation in eosin
X. 1 min incubation in 100 % ethanol
XI. 1 min incubation in 100 % ethanol

XII. 3 min incubation in xylene
XIII. 2 min incubation in xylene

XIV. Storage in xylene

After drying the slides under the fume hood, the tissue sections were covered with
Cytoseal mounting medium to prevent the fading of the color and mounted with a cover
glass. Lastly, the tissue sections were visualized under a microscope (BX51 with a

microscope-mounted camera DP71).
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3.4.6 Immunofluorescence staining of frozen tissue

The used immunofluorescence antibodies are listed in 2.2.2. The immunofluorescence
staining was performed indirectly in two steps, as published by Phenion® (“Protocol
Phenion® FT Skin Model Histology — Immunofluorescent labelling”, www.phenion.com)
with minor changes regarding incubation time and washing steps. First, the primary
antibody was added to bind the target protein. The secondary antibody is conjugated with
a fluorochrome and binds to the primary antibody. The negative controls were only
stained with the secondary antibody to identify potential unspecific background staining

of the secondary antibody.

First, the tissue sections were fixed by incubating the slides in pre-cooled Acetone
at -20 °C for at least 15 min. After drying the slides under the fume hood, the tissue
sections were outlined with a hydrophobic pen to contain the staining solutions within the
sections. Next, the tissue sections were incubated with an anti-goat serum for at least
30 min at room temperature in a humidified chamber to block non-specific binding of the
antibodies. The blocking solution was removed and the appropriately diluted primary
antibody in DAKO antibody diluent was added (~70 pl per tissue section). However, for
the negative control, only DAKO antibody diluent was applied without any antibody
addition. This was followed by an incubation for at least one hour at 4 °C in a humidified
chamber. After removing the primary antibody solution, the sections were washed three
times with PBS (each time the slide were incubated for 10 min in PBS). The appropriate
secondary antibody solution diluted in DAKO antibody diluent including 0.1 % 4',6-
diamidino-2-phenylindole (DAPI) was added to each section (~70 pl per tissue section).
DAPI was added to the solution to enable a staining of the cell nuclei. Following the
incubation for one hour at room temperature in a humidified chamber, the solution was
removed, and the sections were washed three times in PBS. Each washing step included
a 10 min incubation in the dark. After the incubation with the secondary antibody, the
subsequent steps were predominantly conducted in the dark to account for the light
sensitivity of the fluorochromes. Lastly, the tissue sections were covered with DAKO
fluorescence mounting medium to preserve the fluorescence intensity, mounted with a
cover glass and examined under a fluorescence microscope (BX51 with a microscope-

mounted digital camera DP71).
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3.4.7 Quantification of the epidermal thickness of Phenion® Full-Thickness skin
model with and without integrated MUTZ-LCs

The analysis of the epidermal thickness of Phenion® FT skin model was performed using
HE-stained images of tissue sections and the open access program ImagelJ. To determine
the thickness, lines were drawn and adjusted to the epidermal boundary at a specified
distance. In order to account for commonly observed thickness variations within the skin

models, a total of eleven lines were measured (if possible).

3.4.8 TUNEL assay on frozen tissue

To identify apoptotic cells in the skin models and to compare untreated and treated skin
models, a terminal deoxynucleotidyl transferase-mediated dUTP-X nick end labeling
(TUNEL) assay was performed on frozen tissue samples. This assay is based on labeling
deoxyribonucleic acid (DNA) strand breaks (nicks), which is an early stage of apoptosis.
The modified nucleotides can bind to the breaks, which is catalyzed by the enzyme
terminal deoxynucleotidyl transferase. The modified nucleotides are coupled with

fluorescein, enabling a detection of the apoptotic cells under a fluorescence microscope.

An in situ cell death detection kit with fluorescein was used and the protocol was
performed according to the manufacturer’s product data sheet (“Treatment of
cryopreserved tissue”, Roche). All TUNEL solutions, label and enzyme solution, were
kept on ice until use. The frozen tissues were fixed for 20 min at room temperature in 4 %
PFA (in TBS). To remove the fixation solution, the tissue sections were washed for
30 min in TBS. For the labeling, 200 pl 0.1 % Triton X-100 were added to the sections,
followed by a 2 min incubation at room temperature. Subsequently, the solution was
removed, and the tissue sections were washed twice in TBS (for 3 min each). In addition,
to generate a positive control, one slide with frozen tissue sections were incubated for
10 min at room temperature in 3 U/ml Deoxyribonuclease I (Dnase 1) (diluted in DNA

Digest Buffer RDD) to induce DNA strand breaks.

Next, the TUNEL mix assay was prepared by diluting the TUNEL enzyme 1:10 in the
TUNEL label solution. 50 pl TUNEL mix was added to each section, which were then

enclosed with a coverslip. For the negative control, the sections were covered with the
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label solution without enzymes. The sections were incubated for 60 min at 37 °C in the
dark. After carefully removing the liquid, the sections were washed three times for 3 min
in TBS in the dark. The slides were covered with 50 pl - 100 pl PI (1 pg/ml) and incubated
for 5 min at room temperature in the dark. The toxic PI solution was removed, and the
section were washed for 5 min in TBS in the dark. Lastly, the tissue sections were covered
with DAKO fluorescence mounting medium to prevent fading of the fluorescence,
mounted with a cover glass and examined under a fluorescence microscope (BX51 with

a microscope-mounted digital camera DP71).

3.4.9 RNA isolation and Next Generation Sequencing of skin models

To study the molecular reaction of the skin models upon sensitizer treatment, a Next
Generation Sequencing (NGS) with ribonucleic acid (RNA) samples was conducted.
With this sequencing method it is possible to identify characteristic genes and thus read-
out parameters to identify the sensitizing potential of a substance. To enable an individual
analysis of the epidermis and dermis, the epidermal layer of one half of the skin models
was enzymatically separated, as described in 3.4.3. Next, the isolation of RNA started
using the RNeasy Mini kit (Qiagen), as described in the SOP from Henkel. The tissue
samples were lysed by transferring the samples into 2 ml Eppendorf tubes and adding
150 pl RLT buffer. Next, the tissue samples were vortexed and shaken for at least 30 min
in a lab shaker to disrupt the cells. The samples were stored at -20 °C until further
processed. After thawing and vortexing the samples, 300 ul Proteinase K (20 mg/ml in
RNA-free water) was added to each tube for protein degradation. The samples were
incubated for 1 hour at 55 °C in a lab shaker. To precipitate the RNA, 500 ul 99 % ethanol
was added. This was followed by mixing the samples through pipetting and transferring
them onto RNease Mini Spin Columns. To save time, a QIAvec 96 top plate was used for
a vacuum-based purification instead of centrifuging the samples. The vacuum was applied
until every column was empty. The flowthrough was discarded, as the RNA and DNA
remained on the column. Subsequently, the samples were washed by adding 500 pl RW1
buffer and applying vacuum until the columns were empty. In order to remove the DNA,
80 ul DNasel (diluted in RDD buffer, 341 Kunitz units/ml) was added to each column.
After a 15 min incubation at room temperature, the columns were washed again with
500 ul RW1 buffer. Next, the cells were washed twice with 500 pul RPE buffer. The

samples were centrifuged at 13,000 rpm for 5 min to remove any liquid from the columns.
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To elute the RNA, the columns were placed onto new collection tubes and 30 ul RNase-
free water was added on each column membrane. Finally, the samples were centrifuged
again at 13,000 rpm for 5 min. The RNA concentration of the samples was
photometrically determined with a Nanodrop at 260 nm. In addition, the optical density
(OD) was measured at 280 nm to detect any protein residues. Thus, the quotient
0OD260 nm/OD280 nm indicates the purity of the sample. A sample was considered free
of contamination if the quotient value was between 1.8 and 2.0. The samples were stored
at -20 °C. The transfer to Life & Brain GmbH was performed on dried ice with same-day
delivery. Life & Brain GmbH conducted the NGS.
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4. Results

The aim of this project is to generate a 3D immunocompetent skin model with dendritic
cells. Native Langerhans cells (LCs) have a limited viability in culture and the
disadvantage of donor variabilities. Thus, the human acute myeloid leukemia cell line
MUTZ-3 was chosen as LC surrogate. Three main work packages were addressed in this
project:
[.  Differentiation of MUTZ-3 cells into MUTZ-LCs
II.  Testing the immunocompetence of MUTZ-LCs
III.  Integration of MUTZ-LCs into the Phenion® Full-Thickness (FT) skin model
IV. Testing the immunocompetence of Phenion® FT skin models integrated with

MUTZ-LCs

4.1 Differentiation of MUTZ-3 cells into MUTZ-LCs

To get suitable surrogates for LCs, MUTZ-3 cells had to be differentiated with a cytokine
cocktail into LC-typical cells, the MUTZ-LCs. There are already some published
differentiation protocols, which differ in culture time and medium supplements. Thus,
different protocols were tested to generate an optimized protocol. The impact of some
medium supplements like granulocyte-macrophage colony-stimulating factor (GM-CSF),
5637-conditioned medium (5637CM) and fetal calf serum (FCS) on the MUTZ-LC
differentiation and the differentiation time were studied. The aim was to maximize the
yield of differentiated MUTZ-LCs, while improving the standardization of the protocol.
The effect on cell morphology was analyzed microscopically. Furthermore, the

expression of characteristic markers was studied with flow cytometry.
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4.1.1 The effect of granulocyte-macrophage colony-stimulating factor on MUTZ-LC
differentiation

In a previous study conducted at Henkel in the framework of a bachelor thesis, the
MUTZ-3 cells were cultured for seven days in a differentiation medium supplemented
with 20 % FCS, 10 % 5637CM, tumor necrosis factor alpha (TNF-a) and transforming
growth factor beta (TGF-B) (5TT medium) (Cox, 2016). However, literature research has
shown that besides TNF-a and TGF-f, GM-CSF is also known to induce dendritic cell
development (Inaba et al., 1992) and is already frequently supplemented to the
differentiation medium by published protocols (e.g., Santegoets et al., 2006; Nelissen et
al., 2009; Kosten et al., 2015; Bock et al., 2018). Thus, to verify the effect of GM-CSF
on MUTZ-LC differentiation, an initial cell passage was split and cultured in two
differentiation media: 5TT (without GM-CSF) and 5TTG (with GM-CSF). The
differentiation status was analyzed over three weeks to identify the optimal time frame

for the differentiation.

Microscopic images of MUTZ-3 cells in maintenance medium (Figure 7A) showed
mostly round-shaped cells and a few slightly elongated ones. The MUTZ-3 cells grew in
suspension and as single cells. After 14 days of differentiation in 5STT and STTG medium,
there were more dead cells and debris in the differentiation media (Figure 7B, C)
compared to the maintenance medium. Moreover, an increase in cell size and an enhanced
granularity was observed during differentiation, especially in STTG medium (Figure 7C).
In contrast to the differentiation without GM-CSF, most of 5STTG-differentiated cells built

cluster-like formations.
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Figure 7: Morphological characteristics of MUTZ-3 cells and MUTZ-LCs.

Representative phase-contrast microscopic images showing MUTZ-3 cells cultured in maintenance
medium (A) as well as STT- (B) and STTG-differentiated MUTZ-LCs (C) after 14 days of culture.
Differentiation resulted in an increased number of dead cells and debris. An increase in cell size and
granularity was observed in STTG medium. Scale bars represent 20 pm. Taken and modified from the
author’s master thesis (Béttcher, 2019).

Flow cytometry analysis after seven days showed a de novo expression of the LC-typical
markers CD1a and CD207 (Figure 8). On all measured time points, the expression was at
least two-fold more pronounced in the medium with GM-CSF than in 5STT. However,
after two weeks of differentiation, the numbers of positive cells stagnated or even
decreased in both differentiation media. The expression of CD14 was lost after two weeks
in 5STTG medium. In contrast, in 5TT medium CD14-positive cells were detected on all
time points. After one week, the CD14 expression even increased in 5STT medium, with
nearly 70 % positive MUTZ-LCs especially high in one of the two experiments. The
number of CD86-positive cells increased from 20 % to approximately 80 % in STTG
medium after seven days of differentiation and then stagnated. Initially, the CD86
expression remained the same during the first week in STT medium and then increased
to only 60 % in the second week. After three weeks, CD86 expression in 5TT-
differentiated MUTZ-LCs was discordant between two independently performed
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experiments. In one experiment nearly 50 % of MUTZ-LCs were positive for CD86,
while in the other one nearly no CD86-positive cell was detected. The course of the HLA-
DR expression profiles was similar to the CD86 ones. Both markers were more expressed
when differentiating the cells in the presence of GM-CSF in the differentiation medium.
However, the initial HLA-DR expression of the MUTZ-3 cells was higher than the CD86
expression. Thus, the increase in HLA-DR expression was less pronounced. After three
weeks, the numbers of HLA-DR-positive cells were more scattered in 5STT medium

compared to every other time point.

Overall, the expression profiles of the differentiating cells changed during the first two
weeks and then mostly stagnated in the third week. In addition, differentiating the cells
with GM-CSF resulted in higher numbers of CD1a- and CD207-positive cells, indicating
a more LC-like phenotype. Thus, for all following experiments GM-CSF was always

added to the differentiation medium, while the differentiation time was set on two weeks.
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Figure 8: Changes in marker expression during MUTZ-LC differentiation with and without
granulocyte-macrophage colony-stimulating factor over three weeks.

Floy cytometry analysis of the initial cell population, the MUTZ-3 cells, on day zero (black rhombus) and
the differentiation in STT (blue crosses) and STTG (orange crosses) medium over three weeks. Cells were
stained for the following markers: CD1a, CD207, CD14, CD86 and HLA-DR. A gate for propidium iodide
(PI)-negative cells was drawn and a total of 10,000 PI-negative cells were analyzed. N=2, one symbol
equals one experiment. Taken and modified from the author’s master thesis (Béttcher, 2019).

4.1.2 The effect of 5637-conditioned medium on MUTZ-LC differentiation

The supplier of the MUTZ-3 cells, the DSMZ, recommends adding 5637CM, the
conditioned medium of a urinary bladder tumor cell line culture, to the cell culture
medium during maintenance culture. However, to the author’s knowledge, it is not yet
published whether this undefined cytokine cocktail has also a positive effect on LC
differentiation. For that, two differentiation media were compared: TTG (without

5637CM) and 5TTG (with 5637CM).

Microscopic images of 5STTG- and TTG-differentiated MUTZ-LCs showed similar
morphological characteristics (Figure 9). Both differentiation protocols resulted in cells

similar in size, with an enhanced granularity and cluster-like formations, as described in
4.1.1.
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Figure 9: Effect of 5637-conditioned medium (5637CM) on the morphological characteristics of
differentiated MUTZ-LCs.

Representative phase-contrast microscopic images in phase contrast of MUTZ-LCs differentiated in STTG
(with 5637CM, A) and TTG (without 5637CM, B) after 14 days differentiation to observe the effect of
5637CM on MUTZ-LC differentiation. The bright-field phase-contrast images were taken at 20x object
magnification.

Flow cytometry analysis revealed nearly identical expression profiles of all tested
markers (Figure 10), independent of the composition of the differentiation medium in
which the MUTZ-3 cells had been cultured. The viability of the cells decreased from
approximately 90 % of the initial MUTZ-3 cell population to around 60 % on day seven
and then to nearly 50 % after two weeks differentiation. A de novo expression of the
surface proteins CD1la and CD207 was detected on the MUTZ-LCs after one week of
differentiation. On day 14 nearly every MUTZ-LC was positive for the LC-typical
markers. CD184 was also de novo expressed on the MUTZ-LCs, however, on day 14 only
around 10 % of MUTZ-LCs were CD184-positive. The expression of CD34 as well as
CD14 was lost during differentiation. The percentage of CD18-positive cells halved over
time. A four-fold increase to nearly 90 % CD86-positive cells was detected after seven
days of differentiation. Independent of the time of measurement, nearly all MUTZ-3 cells
of the initial cell population and all MUTZ-LCs during the course of differentiation were
positive for CD54 and CD44. After seven days of differentiation, CD80 expression
increased from about 0 % to 30 % positive cells. A three-fold enrichment of CD80-
positive cells was detected in the second week of differentiation. Around 15 % of the
initial MUTZ-3 cell population were CD40-positive. During the differentiation, the
percentage of CD40-postive MUTZ-LCs increased to approximately 60 % on day 7 and
to about 90 % on day 14. Two thirds of MUTZ-3 cells were positive for HLA-DR, which

increased to 85 % during differentiation, while none of the cells were positive for CCR7.
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Figure 10: Changes in marker expression during MUTZ-LC differentiation with and without 5637-
condiioned medium (5637CM) over two weeks.

Flow cytometry analysis of MUTZ-LCs differentiated in STTG (red triangle and red dotted line) and TTG
(blue circle and blue solid line) medium. Day 0 represents the initial cell population, MUTZ-3 cells, before
starting LC differentiation (day 7, 14). Cells were labeled with specific recombinant antibodies to identify
the following proteins: CD1a, CD207, CD14, CD34, CD18, CD44, CD54, HLA-DR, CD86, CD40, CD80,
CD184 and CCR7. A gate for propidium iodide (PI)-negative cells was drawn and a total of 10,000 PI-
negative cells were analyzed. N=3, error bars represent standard deviation.

To sum it up, differentiating the MUTZ-LCs in culture medium without 5637CM seemed
to have no impact on cell morphology and on the expression of proteins known to be
expressed by LCs. As 5637CM is a biological product, it is likely that the composition of
cytokines varies between the lots and passages of 5637 cells, which might hinder the
reproducibility of the differentiation protocol. Hence, 5637CM was excluded from the

differentiation medium for all following experiments.
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4.1.3 Effects of FCS reduction on MUTZ-LC differentiation

In the next case study, the FCS effect on MUTZ-LC differentiation was analyzed. Four
differentiation media were compared, all supplemented according to TTG medium with
GM-CSF, TGF-B and TNF-a, but with different FCS concentration: 0 %, 5 %, 10 % and
20 % FCS. In the following, the media are named based on their FCS content.

After seven days of differentiation, the morphology of MUTZ-LCs differed depending
on the FCS concentration in the medium (Figure 11). For one, only a few apparently
viable cells and mostly debris were found when differentiating the cells completely
without FCS (Figure 11A). 5 % FCS- (Figure 11B) and 10 % FCS-differentiated MUTZ-
LCs for one week (figure 11C) were morphological similar to the cells cultured with 20 %
FCS for two weeks (Figure 9B). Some of the cells formed long dendritic processes, which
were more pronounced than in 20 % FCS-supplemented differentiation medium.
However, in contrast to the previous reported observations for 20 % FCS-differentiated
cells after 14 days, nearly no cluster-like formations nor adherent MUTZ-LCs with
dendritic processes were observed after seven days of differentiation in 20 % FCS-

supplemented differentiation medium (Figure 11D).
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Figure 11: Morphological characteristics of 0 %, 5 %, 10 % and 20 % FCS-differentiated MUTZ-
LCs.

Representative phase-contrast microscopic images of MUTZ-LCs differentiated in 0 % (A), 5 % (B), 10 %
(C) and 20 % FCS (D) after seven days differentiation to observe the effect of FCS content on MUTZ-LC
differentiation. Scale bars represent 50 pm.

Flow cytometry analysis showed a decrease of cell viability over the course of
differentiation (Figure 12A). Compared to the initial MUTZ-3 cell population, a loss of
cell viability by approximately 20 % for 20 % FCS- and nearly 30 % for 10 % FCS- as
well as 5 % FCS-differentiated cells occurred. After the first week of differentiation, it
was observed that slightly more than half of the 20 % FCS-differentiated cells remained
viable. When the cells were exposed to a differentiation medium with reduced FCS
content, the viability of the cells further declined, with fewer cells remaining viable
(~45 %) compared to the 20 % FCS condition. During the second week, cell viability in

all culture conditions decreased even further, falling below 40 %.

There is no data of 0 % FCS-differentiated MUTZ-LCs depicted, as the absence of FCS
resulted in such a high cell death, that the number of viable cells was insufficient to
perform a flow cytometry analysis. Apart from the increasing number of dead cells, the

increase in cell debris, observed in the microscopic images, could also be confirmed by
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flow cytometry analysis. The representative side vs. forward scatter plot showed more

than 40 % of the detected events to be debris (Figure 12B).

The expression profiles of the differentiated MUTZ-LCs differed only in the marker
expression of CD1a and CD207 (Figure 12C). On day seven, the typical LC markers were
more expressed in 5 % FCS- and 10 % FCS- than in 20 % FCS-supplemented medium.
After two weeks of differentiation, the numbers of CD1a- and CD207-positive MUTZ-
LCs in 20 % FCS medium increased to the level of 5 % and 10 % FCS-differentiated cells

at day seven.

CD34 expression was lost by all differentiated cells after the first week. On day seven,
there were nearly no CD14-positive MUTZ-LCs detected in 5 % FCS- as well as 10 %
FCS-supplemented medium (4.1 % and 2.5 %, respectively). In the 20 % FCS condition,
11.2 % of the cells expressed CD14. Thus, the decrease of CD14 expression occurred
later in 20 % FCS-supplemented medium than in the reduced FCS condition. Regardless
of the differentiation time and FCS content, nearly every MUTZ-LC was positive for
CD44, CD54 and CD86.
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Figure 12: Changes in marker expression during MUTZ-LC differentiation with 5 %, 20 % and
20 % FCS over two weeks.

Flow cytometry analysis of MUTZ-LCs differentiated in 5 %, 10 % and 20 % FCS medium. Day 0
represents the initial cell population, MUTZ-3 cells, before starting LC differentiation (day 7 and 14). The
viability of cells represents the percentage of propidium iodide (PI)-negative cells (A). Representative side
vs. forward scatter plot of single cells showing gate P2 around the cell population to exclude cell debris
(B). Cells were stained for the following markers: CD14, CD34, CD1a and CD207 (C); CD40, HLA-DR,
CD44, CD54 and CD86 (D). A gate for PI-negative cells was drawn and a total of 10,000 PI-negative cells
were analyzed. N=4, error bars represent standard deviation.
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Overall, the expression profiles of MUTZ-LCs, cultured in 5 % and 10 % FCS, were
similar during differentiation. Moreover, the FCS-reduced differentiation media
accelerated the induction of LC-typical markers compared to the original 20 % FCS
differentiation medium. For the following experiments, 5 % FCS was supplemented to

the differentiation medium.

4.1.4 Effect of Ultroser G on MUTZ-LC differentiation

One aim of this project was to improve the standardization of the differentiation protocol
and reducing the use of animal-derived products. The differentiation without FCS resulted
in a high cell death. Thus, Ultroser G, a commercially available and non-animal-derived
alternative for FCS, was tested. Two TTG differentiation media were compared: one
supplemented with 5 % FCS, and the other one with 4 % Ultroser G medium. The
Ultroser G concentration was set based on the originally recommended 20 % FCS
supplement, which is described to be equivalent to 4 % Ultroser G (product data sheet,

Pall BioSepra).

When differentiating the cells with 4 % Ultroser G, only few cells with small dendritic
processes were observed (Figure 13A). In contrast to Ultroser G, 5 % FCS-differentiated
MUTZ-LCs were bigger in size, and numerous cells adhered to the bottom of the well,
thereby exhibiting long, branched dendritic processes (Figure 13B). Cell granularity was
increased in both differentiation media compared to the MUTZ-3 cells (Figure 7A).
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Figure 13: Morphological characteristics of 5 % FCS- and 4 % Ultroser G-differentiated MUTZ-
LCs.

Representative phase-contrast microscopic images of MUTZ-LCs differentiated for seven days in 5 % FCS
(A) and 4 % Ultroser G (B). Scale bars on the left side represent 50 um and on the right side 20 pm.

After seven days 67.4 % + 7.3 were viable in 4 % Ultroser G and 49.1 % + 7.3 were viable
in 5 % FCS medium. The viability of cells represented the percentage of propidium iodide
(PT)-negative cells. On day seven, flow cytometry analysis (Figure 14) revealed a slight
CD14 expression on 4 % Ultroser G-differentiated MUTZ-LCs, while no CD14-positive
cells were found in 5 % FCS medium. In some experiments there were still CD34-positive
MUTZ-LCs in 4 % Ultroser G medium, but overall, the CD34 expression was mainly lost
as in the 5 % FCS medium. Moreover, when differentiating the cells in 4 % Ultroser G,
the percentage of CDla-positive cells were nearly halved and only one third of the
MUTZ-LCs were positive for CD207 compared to the numbers of 5 % FCS-differentiated
cells. The CD40 and HLA-DR expression of 4 % Ultroser G-differentiated cells was on
average 20 % lower than in 5 % FCS medium. In contrast, the expression levels of CD44,
CD54 and CD86 were high in both differentiation media. The CD18 expression was
slightly higher in 4 % Ultroser G medium than in 5 % FCS medium. Compared to the
5 % FCS-differentiated cells, only one tenth of the 4 % Ultroser G-differentiated MUTZ-
LCs expressed the costimulatory factor CD80. The numbers of positive cells for CD184

and CCR7 were low and comparable in both differentiation media.
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Figure 14: Marker expression comparison of 5 % FCS- and 4 % Ultroser G-differentiated MUTZ-
LCs on day seven.

Flow cytometry analysis of MUTZ-LCs differentiated for seven days in 5 % FCS (blue) and 4 % Ultroser
G (grey). MUTZ-LCs were stained for the following markers: CD14, CD34, CD1a and CD207 (A); CD40,
HLA-DR, CD44, CD54 and CD86 (B); CD18, CD80, CD184 and CCR7 (C). A gate for propidium iodide
(PI)-negative cells was drawn and a total of 10,000 PI-negative cells were analyzed. N=8, error bars
represent standard deviation.
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4.2 Treatment of MUTZ-LCs with sensitizers

To identify whether the differentiated MUTZ-LCs could be activated and thus be used
for skin sensitizations assays, the cells were treated with sensitizers. 2.4-
Dinitrochlorobenzene (DNCB) was chosen as a known extreme sensitizer and
imidazolidinyl urea (I. Urea) as a weak sensitizer. Both chemicals are listed as proficiency
chemicals for the h-CLAT assay (OECD TG 442E, 2023). According to this OECD-
accepted h-CLAT assay (OECD TG 442E, 2023), sensitizers were used in a
concentration, which resulted in approximately 75 % cell viability compared to the
vehicle control after 24 h treatment. The concentrations were determined with a dose
range finder (data not presented here). DNCB was dissolved in DMSO and I. Urea in
phosphate-buffered saline (PBS). The sensitizers were used in different concentration for
5 % FCS- and 4 % Ultroser G-differentiated MUTZ-LCs. The measured cell viabilities
are depicted in Table 3.

Table 3: Viability of DNCB- and imidazolidinyl urea-treated (I. Urea) MUTZ-LCs, differentiated in
5 % FCS- and 4 % Ultroser G-supplemented medium.

Viability of treated MUTZ-LCs based on the viability of the corresponding vehicle control. Cells were
differentiated for seven days in medium supplemented with 5 % FCS or 4 % Ultroser G. 5 % FCS-
differentiated MUTZ-LCs were treated with 2.5 pg/ml and 3.5 pg/ml DNCB as well as 40 pg/ml I. Urea.
4 % Ultroser G-differentiated MUTZ-LCs were treated with 1.5 ng/ml DNCB and 25 pg/ml I. Urea. After
24 h treatment, the viability of MUTZ-LCs was detected with propidium iodide (PI)-staining. 10,000 PI-
negative (viable) cells were measured with flow cytometry.

Differentiation Treatment Relative viability [%] + standard
medium deviation
5% FCS 2.5 ng/ml DNCB 95.88 £ 5.32
3.5 pg/ml DNCB 80.42 +£10.88
40 pg/ml I. Urea 78.88 +11.17
4 % Ultroser G 1.5 ng/ml DNCB 7530+ 1.29
25 pg/ml I. Urea 75.73 £10.68
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4.2.1 Effect of DNCB treatment on 5 % FCS- and 4 % Ultroser G-differentiated
MUTZ-LCs

The impact of DNCB treatment on cell viability could also be observed microscopically
(Figure 15C, D), showing more dead cells compared to untreated cells and the vehicle
control (Figure 15A, B). In addition, when treating 5 % FCS-differentiated MUTZ-LCs
with DNCB, there were fewer adherent cells with dendritic processes found than in the
controls. This could not be observed for the DNCB treatment of 4 % Ultroser G-
differentiated MUTZ-LCs, as almost none of the untreated cells expressed dendritic
processes. Apart from that, the sensitizer treatment had no visible effect on the formation

of the typical cell-aggregates.
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Figure 15: Morphological characteristics of untreated and DNCB-treated MUTZ-LCs, differentiated
in 5 % FCS or 4 % Ultroser G.

Representative phase-contrast microscopic images of MUTZ-LCs differentiated in 5 % FCS (left side) and
4 % Ultroser G (right side) after seven days differentiation. The cells were untreated (A) as well as treated
for 24 h with 1:500 DMSO (B), 2.5 pg/ml DNCB (C, left side,) or 1.5 pg/ml DNCB (C, right side) and
3.5 pg/ml DNCB (D). Scale bars represent 50 pm.
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The flow cytometry analysis showed mostly no differences in marker expression after
DNCB treatment (Figure 16). The expression of LC-typical markers, CD14, CD34, CDla
and CD207, remained unchanged (Figure 16A) compared to MUTZ-LCs not exposed to
the sensitizer (expression levels were already described in 4.1.3 and 4.1.4). Similarly, no
changes in the expression of chosen markers, known for their relevance in the process of
LC maturation, were detected: CD40, CD44, CD54, CD86, CD80, CD18, E-Cadherin
and CCR7 (Figure 16B, C). Representative histograms of CD54 and CD86, used, e.g., as
sensitization markers in the h-CLAT assay (OECD TG 442E, 2023), showed no
differences in signal distribution and intensity (Figure 16D). The expression of two of
these markers, CD207 and CD40, showed minor changes in 4 % Ultroser G-differentiated
MUTZ-LCs, but with relatively high standard deviations and thus minimizing the

differences.

However, CD83 showed a three-fold and respectively four-fold increase after 2.5 pg/ml
and 3.5 pg/ml DNCB treatment of 5 % FCS-differentiated MUTZ-LCs. The difference in
the expression levels could also be seen in the representative histograms of CD83 (Figure
16D). There was no change in CDS83 expression observed on 4 % Ultroser G-

differentiated MUTZ-LCs.
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Figure 16: Changes in marker expression of 5 % FCS- and 4 % Ultroser G-differentiated cells after
DNCB treatment.

Flow cytometry analysis of MUTZ-LCs differentiated for seven days in 5 % FCS and 4 % Ultroser G
medium. 5 % FCS-differentiated MUTZ-LCs were treated for 24 h with 2.5 pg/ml and 3.5 ng/ml DNCB
and 4 % Ultroser G-differentiated cells with 1.5 pg/ml DNCB. DMSO (0.2 %) was used as a vehicle
control. Cells were stained for the following markers: CD14, CD34, CD1a and CD207 (A); CD40, HLA-
DR, CD44, CD54 and CD86 (B); E-Cadherin, CCR7, CD80, CD83, CD184 and CD18 (C). Error bars
represent standard deviation. Representative histograms of 5 % FCS-differentiated MUTZ-LCs stained
with CD54, CD86 and CD83 showed an increase in CD83-positive cells after DNCB treatment (D): vehicle
control (green), 2.5 ug/ml (orange) and 3.5 ug/ml DNCB (red).
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4.2.2 Effect of imidazolidinyl urea treatment on 5 % FCS- and 4 % Ultroser G-
differentiated MUTZ-LCs

Besides DNCB, the MUTZ-LCs, differentiated for seven days in either 5 % FCS- or 4 %
Ultroser G-supplemented medium, were also treated for 24 h with I. Urea. After I. Urea
treatment, there were more dead cells found under both culture conditions (Figure 17B)
compared to the vehicle control (Figure 17A). It could be observed that the DNCB
treatment resulted in a reduction of adherent cells with dendritic processes (Figure 16).

In contrast, I. Urea treatment did not exhibit a similar effect (Figure 17).

5% FCS 4% Ultroser G

Figure 17: Morphological characteristics of PBS- and imidazolidinyl urea (I. Urea)-treated MUTZ-
LCs, differentiated in 5 % FCS- or 4 % Ultroser G-supplemented medium.

Microscopic images of MUTZ-LCs differentiated in 5 % FCS- (left side) and 4 % Ultroser G-supplemented
medium (right side) after seven days differentiation. The cells were treated for 24 h with 1:500 PBS (A) —
the vehicle control for I. Urea —, 40 pg/ml (B, left side) or 25 pg/ml 1. Urea (B, right side). Scale bars
represent 50 pm.

Flow cytometry analysis showed that I. Urea treatment affected only the expression of

HLA-DR and CD40, while all other marker expressions remained unchanged (Figure 18).
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The percentage of HLA-DR increased in 4 % Ultroser G medium by approximately
5 percentage points from 80 % to 85 % positive cells and in 5 % FCS medium from 90 %
to 95 %. The expression of CD40 was only increased on 5 % FCS-differentiated MUTZ-
LCs from 80 % to 85 %. However, the changes observed in the expression levels of the
previously described markers were relatively minor compared to the three-fold increase
of CD83 expression after the DNCB-treatment of 5 % FCS-differentiated MUTZ-LCs
(Figure 16).
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Figure 18: Changes in marker expression of 5 % FCS- and 4 % Ultroser G-differentiated cells after

imidazolidinyl urea (I. Urea) treatment.

Flow cytometry analysis of MUTZ-LCs differentiated for seven days in 5 % FCS- and 4 % Ultroser G-
supplemented medium. 5 % FCS-differentiated MUTZ-LCs were treated for 24 h with 40 pg/ml I. Urea
and 4 % Ultroser G-differentiated cells with 25 pg/ml 1. Urea. PBS (0.2 %) was used as a vehicle control.
Cells were stained for the following markers: CD14, CD34, CD1a and CD207 (A); CD40, HLA-DR, CD44,
CD54 and CD86 (B); E-Cadherin, CCR7, CD80, CD83, CD184 and CD18 (C). N=3, error bars represent
standard deviation.

Overall, after DNCB treatment of 5 % FCS-differentiated MUTZ-LCs, an increased
CD83 expression was detected, which was the only marker affected by the treatment. In
addition, less adhered 5 % FCS-differentiated MUTZ-LCs with dendritic processes were
found upon DNCB exposure compared to the controls. This could not be observed for the
treatment with the weaker sensitizer I. Urea and for none of the treatments of 4 % Ultroser

G-differentiated MUTZ-LCs.

4.3 Integration of MUTZ-LCs into the Phenion® Full-Thickness skin model and
the effect on skin model differentiation

After optimizing the differentiation of MUTZ-LCs, the next step to generate a 3D
immunocompetent skin model was the integration of MUTZ-LCs into the Phenion® FT
skin model. First, a successful MUTZ-LC seeding protocol had to be developed. For that,
different MUTZ-LC seeding protocols were designed and tested. When seeding the
MUTZ-LCs (1E+6 cells) together with the keratinocytes (~0.5E+6 cells) on the dermis
model, no MUTZ-LCs could be found in the fully differentiated skin models (no

immunofluorescence signal of CD1a- or CD207-stained tissue sections; black images not
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shown). To enable a better integration, 1E+6 MUTZ-LCs were seeded simultaneously
with 2.5E+5 keratinocytes, followed by an additional seeding of 2.5E+5 keratinocytes
after one to two hours. The results achieved with this procedure are explained in the

following chapters.

The impact of the MUTZ-LC integration on the differentiation of the skin model was
studied with optical coherence images (OCT) images as well as on hematoxylin-eosin-
stained (HE-stained) histological sections. To determine the localization of the integrated

MUTZ-LCs, the cells were stained with different methods.

In order to study the structural integrity of the skin models with and without integrated
MUTZ-LCs, OCT images were taken of the skin models after being cultured for ten days
at the air-liquid interface (ALI). The OCT images of skin models without and with
integrated MUTZ-LCs showed an even epidermal surface (Figure 19). In addition, the
epidermis and dermis could be clearly distinguished due to the change in OCT contrast
(arrows, Figure 19A, B). By comparing skin models without MUTZ-LCs (control; Figure
19A) with skin models with integrated MUTZ-LCs (Figure 19B), no apparent differences

were visible.
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Figure 19: Optical coherence tomography images of a Phenion® Full-Thickness standard and LONG-
LIFE skin model without and with integrated MUTZ-LCs.

Optical coherence tomography image of a standard (A, B) or LONG-LIFE (C, D) Phenion® Full-Thickness
skin model, which was cultured for eleven days in air-liquid interface culture. Skin models were either
without (A, C) or with integrated 20 % FCS-differentiated MUTZ-LCs (B, D). The junction between the
epidermis and dermis can be identified due to the change in OCT contrast (junction is highlighted with
arrows). Scale bars represent 250 pm (A, B) or 500 um (C, D).

Tissue integrity and correct epidermal and dermal differentiation was also confirmed in
detail on histological sections of the skin models (Figure 20). All epidermal layers
characteristically for native human skin were correctly developed, including a multi-
layered stratum corneum, independent of the additional seeded MUTZ-LCs. Directly

underneath the epidermis, a zone of newly synthesized extracellular matrix proteins was
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visible in both models, with and without MUTZ-LCs. The dermal region defined by the
extent of the collagen matrix looked also similar, the pores were filled with ECM fibers

in which the fibroblasts were embedded.

Apart from the standard Phenion® standard skin models (Figure 20A, B), it was also tested
whether the MUTZ-LCs can be integrated into the LONG-LIFE version of the Phenion®
FT skin model. This model enables with 50 days a four-times longer experimental test
phase than the standard skin models. Similar to the results with the standard models, OCT
images (Figure 19C, D) and HE staining (Figure 20C, D) of the tissues showed no

differences in histological architecture between the skin models without and with
integrated MUTZ-LCs.

W N
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Figure 20: Effect of MUTZ-LC integration on the structure of Phenion® Full-Thickness skin models,
standard and LONG-LIFE version.

Hematoxylin-eosin staining of frozen sections of Phenion® Full-Thickness skin models, standard (A, B)
and LONG-LIFE version (C, D). Depicted are skin models without (A, C) or with MUTZ-LCs (B, D),
which were differenitated for 14 days in 20 % FCS before being integrated into the skin models. The
structure of the skin models shows the different epidermal layers: stratum corneum (1), stratum granulosum
(2), stratum spinosum (3) and stratum basale (4). Below the epidermis is the dermis formed on the collagene
matrix (5). Scale bars represent 100 um.
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Although the skin models with and without integrated MUTZ-LCs looked identical in
terms of tissue architecture based on histological analyses, the MUTZ-LCs themselves
could not be identified within the epidermal layers. If they had been successfully
incorporated in a significant number, they seemed to be indistinguishable from the
keratinocytes. To enable visual observation of the MUTZ-LCs, they were stained with
carboxyfluorescein succinimidyl ester (CFSE) prior their integration into the skin model.
CFSE is a widely used fluorescent dye that emits a distinct and detectable fluorescence
signal, allowing the tracking of cells throughout an experiment. First, the CFSE staining
was performed in 2D cell culture (Figure 21) to validate the staining success as well as
the staining intensity. For that, MUTZ-3 cells instead of MUTZ-LCs were labelled, as the
MUTZ-3 culture is more cost- and time-effective. All MUTZ-3 cells in the phase-contrast
microscopic image (Figure 21A) emitted a green fluorescence signal in the green channel

(Figure 21B), which is also shown in the merged image (Figure 21C).

Figure 21: CFSE-labeled MUTZ-3 cells.

Representative microscopic images of CFSE-labeled MUTZ-3 cells. Depicted is an image in bright-field
(A) and the green channel (B) as well as a merged image of the two channels (C) showing a successful
CFSE staining of all cells. Scale bars represent 20 um.

78



4. Results

To test whether CFSE-labeled MUTZ-LCs could be identified in the epidermal tissue of
the skin models based on their fluorescence signal, two analyses were performed, each
conducted with one half of a skin model. For one, the epidermis of the skin models was
enzymatically separated from the dermis and scanned for labeled cells with fluorescence
microscopy (Figure 22). Skin models without integrated MUTZ-LCs served as controls,
with no specific signals detected in the epidermal tissues (Figure 22B). Taking the overall
pattern and distribution in the tissues into account, the faint fluorescing areas can be
attributed to unspecific background signals emitted by intrinsic cellular molecules (Figure
22B). The tissue samples with integrated CFSE-labeled MUTZ-LCs emitted bright
fluorescence signals (Figure 22D). The MUTZ-LCs seemed to form aggregates in the
skin model, as they were mainly found in cluster-like formations. However, it was not

possible to identify in which epidermal stratum the MUTZ-LCs were integrated.

Figure 22: Separated epidermis of Phenion® Full-Thickness skin models without or with CFSE-
labeled MUTZ-LCs.

Representative microscopic images of epidermis, enzymatically separated on day 11 from Phenion® Full-
Thickness skin models without (A, B) and with MUTZ-LCs (C, D), which were differentiated for 14 days
in 20 % FCS medium and labeled with CFSE before being integrated into the skin models. Scale bars
represent 50 pm.
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To determine the localization of MUTZ-LCs more precisely, frozen tissue sections of the
other half of skin model were generated. However, microscopic images of tissue sections
with CFSE-labeled MUTZ-LCs showed no fluorescence signal (black images not shown).
Thus, an immunofluorescence staining for the LC-typical markers CD1a and CD207 on
frozen sections was performed. Figure 23 depicts the CDla staining of Phenion® Full-
Thickness standard (A, C-F) and LONG-LIFE skin models (B, G, H). The staining of
Phenion® FT skin models without integrated MUTZ-LCs showed no CDla-staining
(Figure 23A, B), while the skin models with integrated MUTZ-LCs exhibited CD1a-
positive MUTZ-LCs, equally distributed in the epidermis (Figure 23C, D), independent
of the skin model version (standard or LONG-LIFE). The stained MUTZ-LCs exhibited
the LC-typical long multiple cytoplasmic projections. Only a few positive signals were
found in the dermis underneath the basement membrane, which were smaller in size than
the epidermal MUTZ-LCs. More extended fluorescence signals in the lower parts of the
dermis were false-positive signals, emitted from the collagen matrix. The fluorescence
microscopic images of CD207-stained skin models with integrated MUTZ-LCs showed

similar results (Supplemental Figure 1).

Furthermore, the integration of MUTZ-LCs differentiated with the original protocol
(20 % FCS) (Figure 23C, D, G, H) and the optimized protocol (5 % FCS) (Figure 23E,
F) was compared. The CDla immunofluorescence-stained frozen sections showed no
apparent differences. With both differentiation protocols, the MUTZ-LCs were observed

with dendritic processes in the epidermal layers.

Overall, MUTZ-LCs could be detected in in the Phenion® FT Standard and LONG-LIFE
skin models without apparently interfering with skin differentiation. Although LONG-
LIFE skin models enable a longer experimental test period, further experiments were
done with standard skin models, as they needed less time to be produced and were more

cost-effective.
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Figure 23: CD1a expression in standard Phenion® Full-Thickness skin models with and without
integrated 20 % FCS- or 5 % FCS-differentiated MUTZ-LCs as well as a comparison of Phenion®
Full-Thickness standard and LONG-LIFE skin models.
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Representative microscopic images of frozen sections of Phenion® Full-Thickness skin models after ten
days in air-liquid interface with an immunofluorescence staining for CD1a, which is expressed by MUTZ-
LCs. A comparison of Phenion® Full-Thickness standard (A, C-F) and LONG-LIFE skin models (B, G, H).
Skin model without integrated MUTZ-LCs (A, B) and skin models with integrated MUTZ-LCs, which were
differentiated for 14 days in 20 % FCS (C, D, G, H) or for 7 days in 5 % FCS medium (E, F). A
magnification of the images is depicted to illustrate the morphological features (D, F, H). CD1a-stained
MUTZ-LCs were mainly found in the epidermis and expressed long dendritic processes. CD1a is depicted
in green (FITC) and nuclei in blue (DAPI). Green, fluorescent signals in the lower part of dermis were
false-positive ones, emitted by the matrix (signals are highlighted with asterisks, not exhaustive). Scale bars
represent 100 pm.

4.4 Sensitizer treatment of Phenion® Full-Thickness skin models with

integrated MUTZ-LCs

After successfully integrating MUTZ-LCs into the Phenion® FT skin models, their
immunological competence needed to be verified. To accomplish that, the skin models
were topically treated with chemicals of different skin-sensitizing potency. One possible
read-out parameter to characterize the sensitization potential of a chemical could be the
migration of MUTZ-LCs, if the surrogates behave in the same way as LCs do in the native
skin after sensitizer exposure. In addition, a Next Generation Sequencing (NGS) was
performed to identify genes which might serve as promising and reliable indicators for

the cellular sensitization reaction.

Skin models were treated for 20 h with two sensitizers, the extreme sensitizer DNCB and
the moderate sensitizer NiSOa. First, a dose range finder with a serial dilution of the
sensitizer was performed to find a suitable concentration, which did not result in a high
cytotoxicity. The cytotoxicity was analyzed with an MTT test and the affected structural
integrity with HE staining of the skin models. During the MTT assay, which is a
commonly used method to assess cell viability, the skin models were treated with various
concentrations of DNCB and NiSOs (Figure 24). Skin models treated with DNCB
exhibited varying levels of viability that were dependent on the used concentration
(Figure 24A). The treatment with 0.1 % DNCB exerted a viability comparable to the
untreated skin models. However, DNCB treatments with concentrations of 0.2 % and
higher resulted in a reduction of cell viability compared to the untreated skin models. In
contrast, all NiSO4 treatments (2 mM to 15 mM NiSOy) resulted in a viability comparable
to that of untreated skin models (Figure 24B).
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Figure 24: Effect of DNCB and NiSO4 treatment on viability of Phenion® Full-Thickness skin models.
Phenion® Full-Thickness skin models were treated on day 11 of air-liquid interface for 20 h. The skin
models were treated with the vehicle control for DNCB (Acetone), as well as 0.1 %, 0.2 %, 0.3 % and 0.4 %
DNCB (A). In addition, skin models were treated with the vehicle control for NiSO4 (PBS), as well as
2mM, 4 mM, 6 mM, 8§ mM, 10 mM and 15 mM NiSOs (B). Vitality of skin models were measured with
MTT assay. Percent vitality was calculated as cell vitality relative to untreated skin models. N=3, error bars
represent standard deviation.

Contrary to the MTT results, it was observed that the washing steps of the MTT protocol
led to the detachment of the epidermis of some DNCB- and NiSOj4-treated skin models.

This detachment indicates a damaged skin model with a compromised structural integrity.

Besides the MTT assay, HE staining of DNCB- and NiSOgy-treated skin models were
performed to validate the histological architecture of the skin models. HE staining of the
skin models treated with 0.1 % DNCB showed an irregular stratum basale (Figure 25B)
compared to the vehicle control (Figure 25A). This was also observed in the HE staining
of 2 mM NiSOs-treated skin models (Figure 25D) vs. the vehicle control (Figure 25C).
In addition, the epidermis of the 2 mM NiSOgs-treated skin models was thinner and more
dead cells were found compared to the vehicle control. In contrast, according to the MTT,

the skin models treated with 0.1 % DNCB or 2 mM NiSO4 were as vital as the untreated
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ones (Figure 24A, B). Only when treating the skin models with 0.01 % DNCB and
0.5 mM NiSOyg, one tenth and one thirtieth of the MTT-determined concentration, the skin

models showed primarily minor stressed or damaged characteristics (Figure 26D, G).

Figure 25: Effect of 0.1 % DNCB and 2 mM NiSOs treatment on the histological architecture of the
Phenion® Full-Thickness skin models.

Hematoxylin-eosin staining of frozen sections of Phenion® Full-Thickness skin models. Skin models were
integrated with MUTZ-LCs, which were differenitated for seven days in 5 % FCS. Skin models were treated
on day 11 of air-liquid interface for 20 h with Acetone -vehicle control for DNCB- (A), 0.1 % DNCB (B),
PBS -vehicle contol for NiSOs- (C) and 2 mM NiSOg4 (D).

Due to the huge discrepancy of the MTT results and the effect of sensitizer treatment on
the skin model structure, the sensitizer concentration was set based on the HE staining.
The chosen concentrations for the following experiments were based on the aim of
identifying the highest concentration of the sensitizer that did not have any detrimental
effects on the structure of the skin models. In this regard, 0.01 % DNCB was chosen.
However, for NiSO4, two concentrations were selected, 0.1 mM and 0.5 mM NiSOa. This
decision was driven by experimental observations, which indicated that 0.5 mM NiSO4

occasionally had a negative impact on the histological architecture of the skin models.
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4.5 Effect of hydrocortisone on MUTZ-LC behavior in the

immunocompetent Phenion® Full-Thickness skin model

According to the theory of skin sensitization elicitation, after getting in contact with a
sensitizer, the LCs start migrating out of the epidermis to the nearest lymph node. Hence,
the tissue sections of the DNCB- and NiSOs-treated skin models were screened for
indications of MUTZ-LC migration in the Phenion® FT skin model with integrated
MUTZ-LCs. This was analyzed with immunofluorescence staining for CD1a of frozen
tissue samples. When culturing the skin models with the same medium as the
commercially available skin models, no clear migration of the MUTZ-LCs could be
observed after sensitizer treatment (Figure 27, left side). As the read-out parameter could
not be observed, the medium supplements were reviewed, in case one of them could be
interfering with the immune reaction of MUTZ-LCs. One medium supplement, which is
an integral component of the ALI medium for the Phenion® FT skin models, was
identified as a possible inhibitor/candidate: hydrocortisone (HC). HC is a known
immunosuppressor, often used in ointments, creams or lotions to treat inflamed skin areas
(Mehta et al., 2016). Thus, two ALI culture conditions of skin models were tested: ALI
medium with and without HC (Figure 26 and 27, left and right side).

First, it was analyzed whether the absence of HC influenced the differentiation of the skin
model. Comparing the HE staining of untreated skin models cultured with and without
HC, no apparent differences regarding the structure of the skin model could be observed
(Figure 26A). All layers were correctly differentiated. This was also the case for the
treated skin models (vehicle controls, DNCB, NiSQ4), which showed no apparent
differences when being cultured with or without HC during ALI culture (Figure 26B-G).
In some cases, an apparent increase in formed extracellular matrix was observed in skin
models cultured without HC during ALI phase compared to the ones with HC, but not in

every skin model.
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Figure 26: Effect of DNCB and NiSOs treatment on the structure of Phenion® Full-Thickness skin
models, cultured with and without hydrocortisone (HC).

Hematoxylin-eosin staining of frozen sections of Phenion® Full-Thickness skin models. Skin models,
cultured with (left side) or without HC (right side), were either without (A) or with inegrated MUTZ-LCs
(B-G), which were differenitated for seven days in 5 % FCS before being integrated. Skin models were
untreated (A, B) or treated on ALI day 11 for 20 h with Acetone -vehicle control for DNCB- (C), 0.01 %
DNCB (D), PBS -vehicle contol for NiSO4- (E), 0.1 mM NiSO4 (F) and 0.5 mM NiSOs (G).

Next, the presence and distribution of MUTZ-LCs in the skin models under different
experimental conditions was analyzed on tissue sections labeled with anti-CDla
antibodies. Skin models without MUTZ-LCs, cultured with and without HC, emitted no
fluorescence signal except for the intrinsic fluorescence emitted from the collagen matrix

(Figure 27A). CD1a-stained cells with dendritic processes were found in the epidermis of
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every skin model with integrated MUTZ-LCs (Figure 27B-G), regardless of the culture
condition (similar to Figure 23). Nevertheless, some differences could be observed across
all treatment conditions when culturing the skin models with integrated MUTZ-LCs
without HC compared to the original culture with HC (with HC left side, without HC
right side, Figure 27B-G): For one, the signal intensity of the CDla-staining was
increased. Furthermore, the size of the signals, and thus the size of the cells, appeared to
be larger. The integrated MUTZ-LCs seemed to exhibit longer dendritic processes.

Additionally, a substantial increase in the overall number of signals was observed.

Apart from the overall noticeable changes of the culture without HC, additional
noticeable changes could be observed between the untreated and treated skin models with
integrated MUTZ-LCs. In the untreated skin models, the majority of the CD1a-stained
MUTZ-LCs were found in the epidermis. However, comparing the culture conditions,
more fluorescent signals were detected in the dermis of HC-free cultured, untreated skin
models (Figure 27B). These dermal signals were less and smaller compared to the ones

in the epidermis.

Furthermore, the skin models with integrated MUTZ-LCs were treated with Acetone
(Figure 27C), which is the vehicle control for DNCB. The majority of the signals were
detected in the epidermal layers with a few signals in the dermis. These observations were

comparable to the microscopic images of untreated skin models.

The DNCB treatment of HC-free cultured skin models exerted strong fluorescent signals
in the dermis and also some signals in the epidermis (Figure 27D, right side). The dermal
signals were more and with higher intensity than in the skin models treated with Acetone,
while the epidermal signals were comparable to the vehicle control. In contrast, only a
few CDla-stained MUTZ-LCs were found in the epidermis and dermis of HC-cultured
and 0.01 % DNCB-treated skin models (Figure 27D, left side). Compared to the vehicle

control, far less signals could be observed in total.
The distribution of the fluorescent signals within epidermis and dermis in the skin models

treated with PBS, the vehicle control for NiSOs, is depicted in Figure 27E. For both
culture conditions with and without HC, the majority of CD1a-stained MUTZ-LCs was
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detected in the epidermis, with only a few positive signals in the dermis. These results

were similar to the Acetone-treated skin models.

When treating the HC-free cultured skin models with 0.1 mM NiSOs, nearly half of the
fluorescent signals were detected in the dermis (Figure 27F, right side). However, the
signals in the epidermis and dermis were smaller than the ones detected in the PBS-treated
skin models. Compared to the DNCB-treated skin models, 0.1 mM NiSO4 treatment
resulted in more fluorescent signal in the dermis of HC-free cultured skin models. In
0.1 mM NiSOs-treated skin models, cultured with HC, nearly all fluorescent signals were
located in the epidermis (Figure 27F, left side). Only a few signals were detected in the
dermis, which was comparable to the signals of the corresponding vehicle control.
Increasing the NiSO4 concentration to 0.5 mM, most of the CD1a-positive signals were
observed in the epidermis of HC-cultured skin models with some signals in the dermis
(Figure 27G, left side). Compared to the 0.1 mM NiSOjs-treated skin models, more signals
were detected in the dermal tissue. In the culture condition without HC, nearly half of the
signals were found in the dermis of the 0.5 mM NiSOs-treated skin models (Figure 27G,
right side). This observation was similar to the HC-free cultured skin models treated with

0.1 mM NiSOs.
To sum it up, the DNCB and NiSO; treatment of Phenion® FT skin models, cultured

without HC, resulted in more CD1a-stained MUTZ-LCs in the dermis compared to the

ones that were cultured with HC.
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Figure 27: Effect of DNCB and NiSOs treatment on CD1a expression in standard Phenion® Full-
Thickness skin models with integrated 5 % FCS-differentiated MUTZ-LCs, cultured with and
without hydrocortisone (HC).

Representative microscopic images of frozen sections of standard skin models on ALI day twelve with an
immunofluorescence staining for CD1a, which is expressed by MUTZ-LCs. A comparison of Phenion®
Full-Thickness standard skin models cultured with HC (left side) and without HC (right side) during ALI
culture. Skin models without integrated MUTZ-LCs (A) and untreated skin models with integrated MUTZ-
LCs (B), which were differentiated for seven days with 5 % FCS. In addition, skin models with integrated
MUTZ-LCs were treated for 20 h with Acetone -vehicle control for DNCB- (C), 0.01 % DNCB (D), PBS
-vehicle control for NiSOs- (E), 0.1 mM NiSO4 (F) and 0.5 mM NiSOs (G). CDla is depicted in green
(FITC) and the nuclei in blue (DAPI). Green, fluorescent signals in the lower part of dermis were false-
positive ones, emitted by the matrix. Scale bars represent 200 pm in the upper images and 100 um in the
lower images of each condition.

4.6 Viability of untreated and treated Phenion® Full-Thickness skin models
with integrated MUTZ-LCs

A TUNEL assay was conducted to assess the DNA fragmentation and identify apoptotic
cells in untreated and treated skin models (Figure 28). The green, fluorescent signal,
which can be associated with cells, were apoptotic cells (positive signals). Green signals
in the lower part of the images were emitted by the matrix structure and were false-

positive ones. In addition, the cells were stained with PI to label all cells and to visualize
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the epidermal boundary. In the negative control sample, where the TUNEL mix was
omitted, no positive signals were detected (Figure 28A). In contrast, the positive control,
which was incubated with DNase I prior to the TUNEL assay, exhibited a significant
number of positive signals (Figure 28B). In untreated as well as Acetone- and DNCB-
treated skin models only a few positive signals (apoptotic cells) could be detected,
regardless of whether they were cultured with or without HC (Figure 28C-H). These
signals were predominantly observed in the stratum corneum. Additional samples
showing similar results, e.g., NiSOs-treated skin models, are depicted in the appendix

(Supplemental Figure 2).
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Figure 28: Effect of DNCB treatment and hydrocortisone (HC) on cell viability within Phenion® Full-
Thickness standard skin models without or with integrated 5 % FCS-differentiated MUTZ-LCs.

Representative microscopic images of frozen sections of Phenion® Full-Thickness standard skin models on
ALI day twelve after conducting a TUNEL assay. Apoptotic cells emitted a green fluorescence signal. A
comparison of Phenion® Full-Thickness standard skin models cultured with HC (C, E, G) and without HC
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(D, F, H) during ALI culture. Skin models without integrated MUTZ-LCs (C, D) and skin models with
integrated MUTZ-LCs (E-H), which were differentiated for seven days with 5 % FCS. In addition to the
untreated control (A-D), skin models were treated for 20 h with Acetone -vehicle control for DNCB- (E, F)
and 0.01 % DNCB (G, H). Moreover, cells were stained with PI. Green, fluorescent signals in the lower
part of dermis were false-positive ones, emitted by the matrix. Scale bars represent 100 um.

4.7 Effect of MUTZ-LC integration and sensitizer exposure on the Phenion®

Full-Thickness skin model differentiation

Furthermore, it was analyzed whether HC in the culture medium as well as the exposure
to sensitizers had a significant impact on the epidermal thickness of the Phenion® FT skin
models. First, the epidermis of skin models without integrated LCs (e/-LCs), which
served as controls, were studied. For each culture condition, with HC (+HC), five days
without HC (-5dHC) and completely without HC (-HC), the box plots overlapped, and
the median lines were inside of all other boxes (Figure 29). Here, the epidermal thickness
ranged from around 20 pm to 190 um. The other skin model culture conditions also had
a wide range of epidermal thicknesses, e/-LCs/-5dHC with 70 pm to 193 pm and
e/-LCs/-HC with 45 pm to 200 pm, while the mean was approximately 100 um and the
median around 120 pm. The mean and median of e/-LCs/-5dHC and e/-LCs/-HC were
about 130 um, thus, around 30 um higher than the ones of the e/-LCs/+HC.

The epidermal thickness of e/+LCs showed a wide spread of data values (+HC with
32 um to 234 pm and three outliers above 220 pm; -HC 70 um to 180 um), especially of
the skin models -5d HC (52 pm to 112 um). The mean and median of e/+LCs/+HC and
/-5dHC were around 130 pm and the ones of /-HC 15 pum lower. Epidermal thicknesses
of e/-LCs/-HC had the smallest data range.

Comparing the e/-LCs with /+LCs within the same culture condition, the epidermal
thicknesses were quite similar. However, a few differences could be detected: The mean
of ¢/-LCs/-HC was 25 um and the median 5 pm lower than the e/+LCs/-HC ones. The
e/+LCs/-5dHC had a wider distribution of measured epidermal thicknesses than
e/-LCs/-5dHC. Still, the mean and median were comparable. Overall, the e/-LCs/+HC

were thinner than the e¢/+LCs/+HC, but with similar mean and median.
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Figure 29: Effect of MUTZ-LC integration into the Phenion® Full-Thickness skin models, cultured
with hydrocortisone (HC), 5 days without and completely without HC, on the epidermal thickness.
Depicted is the distribution of the epidermal thickness of Phenion® Full-Thickness skin models without
(blue colors) and with MUTZ-LCs (orange colors). MUTZ-LCs were differentiated for seven days in 5 %
FCS medium before being integrated into the skin models. The skin models were cultured for 12 days in
ALI phase with HC (bright colors), 5 days without HC (middle bright colors) and completely without HC
(dark colors). Epidermal thickness was measured on hematoxylin-eosin-stained frozen sections of skin
models with Imagel]. If possible, eleven equidistant parallel lines, which were drawn perpendicular to the
dermo-epidermal junction, were measured for each skin model. The cross of the box plots presents the
mean, the line inside the boxes the median, the upper whisker the upper 25 % and the lower whisker the
lower 25 % of data values. Outliners are depicted in points, above or below the whiskers. Data points from
the culture conditions with and without HC were from five skin model batches, with two skin models for
each condition in one batch. The data from the culture condition five days without HC were from three skin
batches, also with two skin models for each condition in one batch.

After treating the e/+LCs/+HC, /-5dHC or /-HC with Acetone (Ac) and DNCB,
respectively, both median and mean values of epidermal thickness varied between
109 pm and 141 um (Figure 30). All measured epidermal thicknesses showed a wide
variability from 19 um to 225 pm. Moreover, the boxes of all conditions overlapped.
However, not all median lines lay inside the boxes of the other samples: the median of
e/+LCs/+HC/Ac were outside the box of the e/+LCs/-HC/Ac or /DNCB. In addition, the
median of e/+LCs/+HC/DNCB was outside the box of /-HC/Ac. The mean of the
e/+LCs/+HC had the highest mean values, followed by the /-5dHC. The e/+LCs/-HC
revealed the lowest data variability, but also the lowest mean values compared to the other

culture conditions.

Comparing Acetone-treated with DNCB-treated skin models for each culture condition,
some slight differences could be detected: The median of e/+LCs/+HC/DNCB was 13 pm
smaller than the one of /Ac. The median of the epidermal thickness of

e/+LCs/+HC/DNCB was only around 5 um smaller, but the overall data value spread was
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larger than observed with /Ac. The median of e/+LCs/-HC/DNCB was only 5 um higher
than the one of /Ac.

Thus, the thickest epithelia were observed in the skin models cultured with HC and treated

with Ac, followed by +HC/DNCB, -5dHC/Ac, -5dHC/DNCB, -HC/DNCB and -HC/Ac.
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Figure 30: Effect of DNCB treatment on the epidermal thickness of Phenion® Full-Thickness skin
models with integrated MUTZ-LCs, cultured with hydrocortisone (HC), 5 days without and
completely without HC.

Depicted is the distribution of the epidermal thickness of Phenion® Full-Thickness skin models with
integrated MUTZ-LCs and treated for 20 h with Acetone (blue colors), vehicle control for DNCB, and with
0.01 % DNCB (orange colors). MUTZ-LCs were differentiated for seven days in 5 % FCS medium before
being integrated into the skin models. The skin models were cultured for 12 days in ALI phase with HC
(bright colors), 5 days without HC (middle bright colors) and completely without HC (dark colors).
Epidermal thickness was measured on hematoxylin-eosin-stained frozen sections of skin models with
Imagel. If possible, eleven equidistant parallel lines, which were drawn perpendicular to the dermo-
epidermal junction, were measured for each skin model. The cross of the box plots presents the mean, the
line inside the boxes the median, the upper whisker the upper 25 % and the lower whisker the lower 25 %
of data values. Outliners are depicted in points, above or below the whiskers. Data points from the culture
conditions with and without HC were from five skin model batches, with two skin models for each condition
in one batch. The data from the culture condition five days without HC were from three skin batches, also
with two skin models for each condition in one batch.

The epidermal thickness of e/+LCs/PBS and /NiSOs-treated varied between 19 pm and
218 pum (Figure 31). All boxes of PBS- and NiSOs-treated skin models overlapped.
However, not all medians lay within the overlap of the boxes: The medians of
e/+LCs/+HC/PBS and /0.1 mM NiSO4 were outside the box of -HC/0.5 mM NiSOsa.
Moreover, the median of e/+LCs/-5dHC/0.1 mM NiSOs-treated skin models, lay outside
of the following boxes: /-HC/PBS, /AHC/ 0.1 mM NiSOy4, /-5dHC/0.5 mM NiSOs as well
as /-HC/0.5 mM NiSOgy-treated skin models. The median of e/+LCs/+HC/0.5 mM NiSO4
was slightly outside the box of /+HC/0.1 mM NiSO4. The e/+LCs/-5dHC/0.5 mM NiSO4
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and /-HC/0.5 mM NiSO4 had a median, which lay outside the box of all /PBS and /0.1mM
NiSOs. The median of the epidermal thickness in e/+LCs/+HC/PBS was 6 um higher than
the ones of /-5dHC/PBS and /-HC/PBS (115 pm). When treating the skin models with
0.1 mM NiSOg, the highest median was found in /-5dHC (128 um), followed by a 6 pm
lower median in /+HC and /-HC ones (103 pm). Treating the skin models with 0.5 mM
NiSOyg, the highest median of epidermal thickness was found with 109 pm in the /-5dHC,
followed by the /-HC ones (106 um) and the /+HC (96 um).

Comparing the epidermal thickness of PBS-, 0.1 mM and 0.5 mM NiSOgy-treated skin
models for each culture condition, several differences could be determined: Culturing the
skin models with HC, the median in e/+LCs/+HC/PBS and /0.1 mM NiSOs were
comparable, but the median in /0.5 mM NiSOs was smaller by at least 25 um. For
e/+LCs/-5dHC, the median in /0.1 mM NiSO4 was 13 um higher than /PBS, which in turn
was nearly 20 um higher than /0.5 mM NiSOs. The median of the epidermal thickness in
e/+LCs/-HC/PBS was 13 um higher than /0.1 mM NiSO4 and /0.5 mM NiSOs.

Thus, except for e/+LCs/-HC, the epidermis of /0.5 mM NiSO4 were slightly thinner than
the other treated skin models. Regardless of the treatment, the smallest data distributions

were found in the /-HC ones.
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Figure 31: Effect of NiSO4 treatment on the epidermal thickness of Phenion® Full-Thickness skin
models with integrated MUTZ-LCs, cultured with hydrocortisone (HC), 5 days without and
completely without HC.

Depicted is the distribution of the epidermal thickness of Phenion® Full-Thickness skin models with
integrated MUTZ-LCs and treated for 20 h with PBS (blue colors), vehicle control for NiSO4, and with
0.1 mM NiSOs4 (orange colors) as well as 0.5 mM NiSOs (green colors). MUTZ-LCs were differentiated
for seven days in 5 % FCS medium before being integrated into the skin models. The skin models were
cultured for 12 days in ALI phase with HC (bright colors), 5 days without HC (middle bright colors) and
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completely without HC (dark colors). Epidermal thickness was measured on hematoxylin-eosin-stained
frozen sections of skin models with ImagelJ. If possible, eleven equidistant parallel lines, which were drawn
perpendicular to the dermo-epidermal junction, were measured for each skin model. The cross of the box
plots presents the mean, the line inside the boxes the median, the upper whisker the upper 25 % and the
lower whisker the lower 25 % of data values. Outliners are depicted in points, above or below the whiskers.
Data points from the culture conditions with and without HC were from five skin model batches, with two
skin models for each condition in one batch. The data from the culture condition five days without HC were
from three skin batches, also with two skin models for each condition in one batch.

Overall, the epidermal thickness of untreated as well as treated skin models without and
with MUTZ-LCs had a wide spread of data, independent of the treatment and culture

condition. The medians ranged from 96 um to 141 pum.

4.8 Effect of NiSOs-treated s Phenion® Full-Thickness kin models on RNA

expression

In order to identify further read-out parameters to characterize the sensitizing potential of
a chemical, a NGS was performed for a first set of samples. For that, PBS- and NiSO4-
treated skin models with integrated 5% FCS-differentiated MUTZ-LCs were analyzed,
cultured with or without HC during the ALI phase. The exposure with 0.1 mM and
0.5 mM NiSO4 was chosen, as the CD1a immunofluorescence staining of NiSOs-treated
skin models showed nearly half of the fluorescent signals in the dermis (same samples as
in Figure 27E-G). The dermal CD1a-positive cells indicated a MUTZ-LC migration from
the epidermis into the dermis upon exposure with a sensitizer. As LC migration is a key
component of the allergic contact dermatitis elicitation, observing an apparently similar
effect in the 3D skin model might be an indicator for LC activation. Hence, these skin
models appear to be well-suited for a more in-depth analysis of their gene expression
profile, intended to identify prominent genes involved in the elicitation process.
Following the 20 hours exposure time with NiSOs, the epidermis was enzymatically
separated from the dermis before isolating the RNA. Thus, any regulated genes could be

assigned to the epidermis or dermis, enabling a more precise evaluation.

The first two principal components (PCs) explain with ~94 % the majority of the variance
(scree plot in Supplemental Figure 3). Consequently, the first two components were used

for the analysis. The principal component analysis (Figure 32) clearly separates the
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dermis and epidermis samples as well as the HC culture condition of the skin models

(with and without HC).
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Figure 32: Principal component 1 (PC1) vs. PC2 of the NiSOs-treated Phenion® Full-Thickness skin
models integrated with MUTZ-LCs, cultured with or without hydrocortisone (HC) during ALI
phase.

Depicted is the principal component analysis (PCA) of the epidermis and dermis samples (# 1/2E and
_1/2D) of Phenion® Full-Thickness skin models with integrated 5% FCS-differentiated MUTZ-LCs. The
skin models were treated with PBS (#5522, 5529), 0.1 mM NiSO4 (#5523, 5530) or 0.5 mM NiSO4 (#5524,
5531). In addition, the skin models were cultured with HC (red) or without HC (blue) during ALI phase.
The PCA of the first two PCs clearly separates the dermis and epidermis samples (left and right side) as
well as the culture condition of the skin models, with HC in red and without HC in blue (upper and lower
part).

Applicable for the following NGS results, differential gene expression was determined
by comparing the genes transcribed within one experimental group with the gene
expression profile in the PBS-treated tissues (negative control). Thus, the identified
regulated genes are the genes, which are regulated compared to the negative control. Only
the genes with a p value below 0.05 were included in the analysis, which is a commonly
used threshold (Koch et al., 2018). The p value serves as a statistical indicator, assessing
the likelihood of observing differences in gene expression. All results below the threshold
of 0.05 were considered statistically significant. Thus, on the basis of the gene expressions

in PBS-treated samples, the genes which were up- or downregulated by NiSOj4 treatment
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of the tissue models could be identified. Differences in gene expressions were

documented as log2 fold changes.

The overview heat map of regulated genes of each sample shows more differentially
regulated genes in the dermis than in the epidermis (Figure 33). In addition, more
regulated genes were found in the samples which were cultured without HC compared to
skin models cultured with HC. This result was independent of the chosen NiSO4
concentration. The circle graphs of the samples show the exact numbers of regulated
genes and the distribution of up- and downregulated genes (Figure 34). Around 60 % of
the detected genes in both epidermis and dermis after NiSOs-treatment were
downregulated. This was also the case for NiSOs-treated epidermis, cultured without HC
(e/+LCs/-HC/NiSOs4). However, the numbers of up- and downregulated genes in NiSO4-
treated dermis, cultured without HC (d/+LCs/-HC/NiSOs4), were more balanced compared
to the other samples, while there were slightly more up- than downregulated genes in the

d/+LCs/+HC/0.1 mM NiSOs.
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Figure 33: Comparison of regulated genes of NiSOus-treated Phenion® Full-Thickness epidermis and
dermis.

Heat map of up- (green) and downregulated genes (purple) in epidermis (E) and dermis (D) tissue samples
of Phenion® Full-Thickness skin models with integrated 5% FCS-differentiated MUTZ-LCs (two skin
models for each treatment), which were enzymatically separated. The skin models were treated after eleven
days of ALI culture for 20 h with 0.1 mM or 0.5 mM NiSO4. Skin models were either cultured in ALI
medium supplemented with HC (w/ HC) or without HC (w/o HC). Presented are genes, which were
regulated based on the gene expression of the vehicle control (PBS-treated skin models) and had a p value
below 0.05.
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Figure 34: Effect of NiSO4 treatment of Phenion® Full-Thickness dermis and epidermis, cultured
with or without hydrocortisone (HC), on the distribution of up- and downregulated genes.

Depicted are the distribution of up- (green) and downregulated genes (red) from the dermis and epidermis
of Phenion® Full-Thickness skin models with integrated 5% FCS-differentiated MUTZ-LCs. The skin
models were treated for 20 h with 0.1 mM or 0.5 mM NiSOa4. Skin models were either cultured for eleven
days in ALI phase with HC (left side) or without HC (right side) before being treated with NiSOs for 20 h.
The exact numbers of regulated genes, determined with a NGS analysis are depicted in the corresponding
sections. Each condition was from two skin models (one batch). Presented are genes, which were
differentially regulated compared to the vehicle control (PBS-treated skin models) and had a p value below
0.05.

The distribution of x-fold gene expression is presented in Figure 35. All samples had a
wide spread of data, from -10 to 12 log2 fold change. Moreover, all boxes overlapped,
and all median lines were inside the boxes of all other samples. The medians of all
samples were between -1 and -2 log2 fold change, except for d/+LCs/-HC/0.1 mM NiSO4
with around 0.5 log2 fold change. The box sized varied, the three largest ones, comparable
in size, were from the e/+LCs/-HC/0.1 mM and /0.5 mM NiSO4 as well as from the
d/+LCs/-HC/0.5 mM NiSOs. Boxes, slightly smaller than the largest ones, were from the
d/+LCs/-HC/0.1 mM and /0.5 mM NiSO4. Next smaller boxes were from e/+LCs/+HC/
0.5 mM NiSOs-treated and d/+LCs/+HC/0.1 mM NiSOs. E/+LCs/+HC/0.1 mM NiSO4

had the smallest box, but similar to the other box plots with long whiskers.
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Figure 35: Distribution of the log2 fold change values of genes in epidermis and dermis, regulated by
the NiSOs treatment of Phenion® Full-Thickness skin models, cultured with or without
hydrocortisone (HC).

Boxplots of the log2 fold change values of all genes in epidermis and dermis, which were regulated after
treating the Phenion® Full-Thickness skin models (with integrated 5% FCS-differentiated MUTZ-LCs) for
20 h with 0.1 mM and 0.5 mM NiSOs. The skin models were cultured with or without HC during ALI
phase. After the treatment, the epidermis was enzymatically separated from the dermis and a NGS analysis
of the samples was performed. The epidermis and dermis with the same culture condition and treatment
were from the same skin models, two for each condition. The log2 fold change of the genes were calculated
relative to the PBS-treated samples, the vehicle control for NiSO4. Only the genes with a p value below
0.05 were analyzed.

Next, a process analysis was performed with the regulated genes of NiSOs-treated skin
models to study their involvement in biological processes. This analysis was performed
with the data analysis bank Gene Ontology (Ashburner et al., 2000; Gene Ontology
Consortium, 2021). The processes, which were addresed by the regulated genes, are
depicted in Figure 36. They can be divided into four topics, among others, which are
relevant for this project. For one, several biological processes can be assigned/allocated
the metabolism, e.g., response to chemical stimulus or metal ion binding. Another topic
is the immune system including, e.g., responses to growth factor stimulus and the
regulation of immune system processes. Additional processes, only addressed by NiSOjs-
treated and HC-free cultured samples, were, e.g., responses to cytokines or regulation of
chemotaxis. Also belonging to the immune system, but due to its” possible importance
for the skin sensitization assay listed as an own group, are all reactions corresponding to

migration, e.g., cell motility, regulation of locomotion, regulation of cell projection
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organization. Moreover, some of the regulated processes could be grouped under the topic

“Differentiation/Development”, e.g., multicellular organism development.
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Figure 36: Regulated biological processes in Phenion® Full-Thickness skin models following NiSO4
treatment.

Overview of addressed biological processes by the genes, which were up-or downregulated after treating
the Phenion® Full-Thickness skin models (with integrated 5% FCS-differentiated MUTZ-LCs) for 20 h
with 0.1 mM and 0.5 mM NiSOs. The processes, relevant for this thesis, were grouped in four main topics:
metabolism, differentiation/development, migration and immune system. In the boxes next to each topic
are exemplary addressed biological processes listed. The analysis was performed with Gene Ontology
(Ashburner et al., 2000; Gene Ontology Consortium, 2021).

In addition, the genes that were regulated in the epidermis and dermis following treatment
with both NiSO4 concentrations were compared to known genes associated with the
immune system process and migration process. The lists of known genes were sourced
from Gene Ontology (GO) knowledgebase (Ashburner et al., 2000; Gene Ontology
Consortium, 2021). Immune system and migration process genes were selected due to

their integral roles in the skin’s immune reactions after sensitizer exposure. The listed
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matches (Table 4) represent the regulated genes in the samples of this project that

correspond to known genes associated with the immune system and migration process.

In this comparison, 23 genes which have been demonstrated to play a role in the human
immune system (Gene Ontology; Ashburner et al., 2000; Gene Ontology Consortium,
2021) were found in the epidermis of 0.1 mM and 0.5 mM NiSOs-treated skin models
cultured with HC (e/+LCs/-HC/0.1 mM NiSO4 or /0.5 mM NiSOg4). In contrast, after
treating the HC-free cultured skin models with NiSOs, 41 genes of the immune system
process were regulated. Only the genes LGALS7 and PTN were regulated in both culture
conditions. While 74 immune system process genes were regulated in NiSOy-treated and
HC-cultured dermis (d/+LCs/+HC/NiSOs), 66 immune system process genes were
regulated in the culture condition without HC. Here, two immune system process genes,

LAMP3 and ITGB6, were regulated in all dermis samples.

At least 26 regulated migration genes were found in e/+LCs/+HC/NiSO4, additional 6
genes were regulated in the culture condition without HC. Both conditions had the
following genes in common: PTN, HAS2, SDCBP, DDR2 and TMSB4X. In the
d/+LCs/+HC/NiSO4 38 genes were regulated, known to play a role in migration
processes. In contrast, 29 genes related to cell migration processes were found in d/+LCs/-

HC/NiSOs. The migration gene OGT was regulated in all dermis samples.
The highest number of regulated immune process and migration genes were detected in

the e/+LCs/-HC/0.1 mM NiSOs. In contrast, the highest number of dermal regulated

immune process and migration genes were found in d/+LCs/+HC/0.1 mM NiSOa.
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Table 4: Regulated genes by NiSO4 treatment of Phenion® Full-Thickness skin models, known to play
a role in the immune system process and migration.

Listed are genes, which were regulated after treating the Phenion® Full-Thickness skin models (with
integrated 5% FCS-differentiated MUTZ-LCs) for 20 h with 0.1 mM and 0.5 mM NiSO4. Skin models were
cultured with or without hydrocortisone (HC) during ALI phase. After the treatment, the epidermis was
enzymatically separated from the dermis. The regulated genes, determined with a NGS RNA analysis, were
compared to known genes, which play a role in the immune system process (left side) or in the migration
(right side), and the matches are listed for each treatment and culture condition. The known genes were
sourced from Gene Ontology (GO) knowledgebase (Ashburner et al., 2000; Gene Ontology Consortium,

2021).

Regulated Immune System Process Regulated Migration Genes

Genes

With HC +NiSO4 Without HC +NiSO4 | With HC +NiSO4 Without HC +NiSO4

Epidermis |Dermis |Epidermis |Dermis |Epidermis [Dermis |Epidermis |Dermis
ADAM]I

ACTGl |ABCB9 |ADK ACP5 |ACTGI 5 APOD ACPS

ADAMI10 |ACTR2 |APOD ALOXS5 |(ADAMI0 |ADAMS |COLIAI |BMP2

ADAMI AMOTL
ADDI1 5 BLM AP3Bl |AKAPI2 |2 CXCL10 |CTSH
DDRGK

Cl104 ADAMS |CFD ARGI CD9 BEX4 DDR?2 1

CD86 AHR COL3A1 |CARDY |DDR2 CDS1 EMILINI |DYSF

CD9 ANKI1 |COLECI2|CD36 |FGFI1 CDHI |FGF2 EPHA4

EPHB4 |ARRB2 |CXCLI10 |CD&86 GAS6 CLDNI |FGF7 F2RL1

CEACA

GAS6 BAPI EIF24K2 (M1 GPSM3 |CLDN4 |GREM1 |FGF22

GPSM3 |CADMI1 \EMILINI |CFP HAS?2 EPHB2 |HAS2 FGR

IFNGRI |CD81 |ERMAP |CTSC |[NTNI EPPKI |JAM?2 GRB7

LDLRAD

11411 CEBPA |FCGRT |CTSH |PFNI ITGA2 |4 IFITM1

LGALS7 |CHD7 |FLVCRI |CXADR |PFN2 KRT5 MMP2 oOGT
LDLRA

LSTI CTSL GREMI |CYLD |PTN D4 MMP3 PTGER3

LTBR DEFBl |HMGN2 |DLGI |SDCBP |MAPKS8 |OSGINI |RNF41
MARVE

PNMAI |DHX36 |IFI44L DYSF  |SLAMFS |LD3 PDGFRB |SDCBP
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Regulated Immune System Process

Regulated Migration Genes

Genes
With HC +NiSO4 Without HC +NiSO4 | With HC +NiSOq Without HC +NiSQO4
Epidermis |Dermis |Epidermis |[Dermis |Epidermis [Dermis |Epidermis |Dermis
SEMA3
PRNP EIF6 IFITI EDNRB |SLIT2 MIENI |PTN F
SEMA4
PSMBS |EPHB2 |IFIT3 EIF2B1 |SNAI2 MMP9 |RARRES? |B
SINHCA
PTN FGFR3 |IGFBP2 |F2RL1 |TMSB4X |NOD2 |SDCBP |F
SLAMFS8 |GAPDH |IL6 FGR WNT5B |OGT SFRP2 STK39
SLC2545 |GFUS |ITGA7 FOXL1 PLD?2 STCI SWAP70
SLIT2 H2BC21 |JAM?2 FRK PTP4A41 |STK39
PYCAR
SNAI2 HCST |LGALS1I |GATA3 D TBX5
TYROBP |HDAC7 |LGALS7 |GBP2 RBBP7 |THYI
IRFS5 LOX GPLDI RCC2 TMSB4X
ITGA2 |MASPI |HESI RHOC |TWIST?2
ITGAM |MFAP4 |HSPAIB SEMA4A
SEMA6
ITGB6 |MMP?2 IFITM1 C
SEMA6
JAML |NFE2LI |IFNK D
JUND |PTGDS |ILISRI STK4
KRTI PTN IRAK? WNT4
LAMP3 |PTX3 ITGB6
LCPI RARRES? |JAK1
LGALS7 |SOX13 LACCI
LY6D SSC5D LAMP3
MARCO |STK39 LCN2
MMPY9 |THYI LIG4
TMEMI17 |MAP4K
MYC 64 2
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Regulated Immune System Process

Regulated Migration Genes

Genes

With HC +NiSO4 Without HC +NiSO4 | With HC +NiSOq Without HC +NiSQO4

Epidermis |Dermis |Epidermis |[Dermis |Epidermis [Dermis |Epidermis |Dermis
NCAPH |TMEM17
2 6B MKRN?2
NFKBIL
1 TWISTI |MRI
NOD2 |TWIST2 |MXI
PAXIPI |UBAS MX2
PELII NDRGI1
PLD? NLRPI10
PMAIPI PIK3CG
POLB PMS2
POLR3
B PRKCH
POLR3
F PRKCZ
PTMS PTGER3
PTPN2 PTPN6
PYCAR
D RAB20
RAB5B RNF41
RNF135 RPSI4
RNF187 SHLD1
RNF19B STATI
S10048 STK39
SEMA4
A STXBP3
SENPI STXBP4
SLC394
7 SWAP70
SLPI TCEAI
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Regulated Immune System Process Regulated Migration Genes
Genes
With HC +NiSO4 Without HC +NiSO4 | With HC +NiSOq Without HC +NiSO4
Epidermis |Dermis |Epidermis |[Dermis |Epidermis [Dermis |Epidermis |Dermis
SP1 TFRC
SP110 TLRI
TEC TLR3
TNFAIP WFDCI
3 2
TNFRSF
9 ZBTB16
TRIM11
TRIM26
TRIMG62
TYK?
UFLI
WNT4
XRCCS5
ZDHHC
5
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5. Discussion

Nearly 20 % of the European population suffer from an allergic contact dermatitis (ACD)
(Diepgen et al., 2016). Due to continued exposure to an allergic chemical, some
individuals, particularly health professionals, chemical industry workers, and
beauticians/hairdressers, find themselves no longer able to perform their jobs (Rodriguez
et al., 2022). ACD can occur not only in occupational settings but also in everyday life
due to exposure to various allergens. There are more than 4,000 low-molecular allergens
(Chittiboyina et al., 2015). These allergens can be found in numerous sources, including
but not limited to jewelry (e.g., nickel), cosmetic products (e.g., fragrances, hair dyes)
and plants (e.g., poison ivy) (Treadwell, 2020; Uter et al., 2020). Hence, ACD has a
significant impact on industry productivity and healthcare costs (Cvetkovski et al., 2005).
Therefore, it is not surprising that a lot of research is performed to better understand and
eventually prevent ACD. The number of PubMed-indexed publications on “allergic
contact dermatitis” has significantly increased over the last decades, from 89 in 1980 to
678 in 2023 (Figure 37). This underlines the growing scientific interest and importance

of the ACD research.
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Figure 37: Research growth in allergic contact dermatitis.

Annual number of PubMed-indexed publications on “allergic contact dermatitis” from 1980 to 2023. The
rise in publication volume highlights the increasing scientific relevance, as allergic contact dermatitis is a
significant public health concern due to its impact on the quality of life. [number of PubMed-indexed
publications, PubMed, derived in November 2024]
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The organization for economic co-operation and development (OECD) summarized the
cellular reactions of the adverse outcome pathway (AOP) for “skin sensitization initiated
by covalent binding to proteins” (OECD No. 168, 2014). The four key events of the AOP
are: 1. haptenization of the chemicals, 2. the inflammatory responses of keratinocytes, 3.
the activation of dendritic cells and 4. the T cell activation (OECD No. 168, 2014).
Moreover, the OECD validates alternative in vitro methods, or new approach
methodologies (NAMs), which assess the sensitizing potential of a chemical. However,
until now, all OECD-accepted methods address only one key event of the AOP.
Consequently, several NAMs need to be combined for a defined approach to get reliable
findings, which is described in the OECD TG 497 (2023). The aim of this study is to
develop an immunocompetent skin model with Langerhans cells (LCs), which would
combine the first three key events in one assay. Such a model would be more in vivo like
and thus enhance the prediction of the assessed potential or even potency of a chemical.
Furthermore, the applicability domain would be extended, as, e.g., creams, ointments,
viscous formulations could be applied on the dry surface of the skin models, which is not
possible with cells in suspension culture. A few research groups have already published
first results in generating an immunocompetent skin model (e.g., Kosten et al., 2015;
Bock et al., 2018). Until now, every one of them had disadvantages, which will be
addressed in the following chapters, and not one has yet been authorized by OECD.

Moreover, this work also addresses the increasing demand for the reduction of animal-
derived products. The shift to animal-free methods was initiated by Russel and Burch'’s
ethical guidelines (1959). Nowadays, several journals have restrictions for using animal-
derived products. For example, ALTEX “require[s] authors to discuss [...the use of
animal-derived products], [...] and indicate whether such materials could/shall be

replaced in future studies” (author’s instructions published by ALTEX).
The present work shows important steps in the development of an immunocompetent skin

model, while also improving the reproducibility of protocols and reducing the use of

animal-derived products.
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5.1 Optimization of the MUTZ-LC differentiation protocol

The use of native LCs for in vitro studies is constrained by factors such as limited supply,
donor variabilities and standardization (Santegoets et al., 2008). As an alternative, the
acute myeloid leukemia cell line MUTZ-3 was chosen as a LC surrogate. MUTZ-3 cells
can be differentiated into MUTZ-LCs upon exposure to a cytokine cocktail. Santegoets
et al. (2008) compared the ability to differentiate into functional dendritic cells based on
protein expression of several cell lines, THP-1, KG-1, HL-60, Monomac-6, U-937, K562
and MUTZ-3 cells. They concluded that from all tested cell lines, differentiated MUTZ-
LCs are the most suitable dendritic cell surrogates. Several MUTZ-LC differentiation
protocols have already been published, which vary in differentiation time and medium
supplements (e.g., Masterson et al., 2002; Santegoets et al., 2006; Nelissen et al., 2009;
Kosten et al., 2015; Ruben et al., 2015; Groell et al., 2018; Bock et al., 2018). Hence, one
aim of this study was to select the best-suited MUTZ-LC differentiation medium.

To address this, the expression of specific proteins known to be characteristic for LCs
was analyzed using flow cytometry. One typical LC marker is CDla, one of the four
family 1 CDI1 proteins, which presents microbial lipid and glycolipid antigens to T cells
(Melidn et al., 1996). Another specific LC marker is CD207, which is involved in the
formation of the LC-typical Birbeck granules (Valladeau et al., 2000). The expression of
CD34, a hematopoietic stem cell marker, and CD14 have been reported to become lost
during differentiation (Masterson et al., 2002). CD14 plays a crucial role in the
recognition, binding and uptake of bacterial lipopolysaccharides (Wright et al., 1990). In
addition, the expression level of HLA-DR was studied, an MHC class II molecule
presenting antigens to T cells (Puré et al., 1990). Dendritic cells express the costimulatory
factors CD80 (B7-1) and CD86 (B7-2), which can bind to the CD28 receptor family on
T cells, resulting in the activation of T cells (Slavik et al., 1999). Another marker for the
maturation of LCs is CD54 (Sheikh and Jones, 2008). CD54 and CD86 are already used
as sensitization markers in OECD-approved in vitro test methods, e.g., in the h-CLAT
and the U-Sens assays (OECD TG 442E, 2023). However, in the present project nearly
every MUTZ-LC was already positive for CD54, CD86 and HLA-DR. Consequently,
other specific markers were added to the marker panel to test whether the differentiated
MUTZ-LCs were in an immature or mature state: CD18, CD40, CD44, CD83, CD18&4,
and CCR7. The functions of these proteins will be discussed in the corresponding

chapters.
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It is important to phenotypically analyze the MUTZ-LCs, as they need to exhibit an
immature state to enable a stimulation by a sensitizing chemical. Subsequently, the
differentiated MUTZ-LCs were subjected to treatment with known sensitizers to assess
their potential to undergo maturation, which is a prerequisite for their utilization in a skin

sensitization assay.

5.1.1 Comparison of the analyzed MUTZ-3 cell phenotype with data from literature

It was important to analyze the original cell population, the undifferentiated MUTZ-3
cells, before starting the differentiation, as all following experiments were based on these
cells. The morphology of the MUTZ-3 cells was comparable to the published microscopic
images from the DSMZ MUTZ-3 cell culture data. Moreover, this was also the case for
the analyzed protein expression profiles. The LC-typical marker CD1a was not expressed
by any MUTZ-3 cell, which was also documented by Masterson et al. (2002), Larsson et
al. (2006) and Rasaiyaah et al. (2009). CD207, a protein responsible for the formation of
the LC Birbeck granules (Valladeau et al., 2000), was also not expressed. About 20 % of
the MUTZ-3 cells were positive for CD14, a percentage comparable to data which have
been published by several authors (DSMZ cell culture data; Masterson et al., 2002;
Larsson et al., 2006), but twice as high than documented by Rasaiyaah et al. (2009). CD14
is known to bind bacterial lipopolysaccharides (Wright et al., 1990). Not every MUTZ-3
cell was positive for CD14, as different subpopulations can be found in MUTZ-3 cell
culture, which has been described by Santegoets et al. (2008). Another typical marker for
MUTZ-3 cells is CD34, its measured expression (about 25 %) was nearly two-times lower
as documented by Masterson et al. (2002) and slightly higher than the published data from
DSMZ (cell culture data) as well as two times higher than determined by Rasaiyaah et al.
(2009). The intermediate numbers of MUTZ-3 cells positive for CD86 and the high
numbers of HLA-DR-positive cells were comparable to Rasaiyaah et al. (2009), while the
CDA40 expression was three-times lower in this study. The observed differences of the
marker expressions between this study and the published data can have several causes.
For instance, the culture, including choice of medium and temperature, as well as
handling of MUTZ-3 cells, e.g., cell passage and cryopreservation methods, might
influence the expression profiles (Hirsch and Schildknecht, 2019). In addition, there are
a lot of possible variations for flow cytometry, which might explain the differences

between research groups: antibodies from different suppliers or with different
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fluorochromes, staining protocol (e.g., time, temperature), hardware configuration and

instrumental setups (e.g., flow rate, gating strategy) (Easthope, 2022).

To sum it up, the overall expression profile of the used MUTZ-3 cells resembles the data
found in the literature. Thus, the purchased MUTZ-3 cells were suitable for the use in

further experiments.

5.1.2 Granulocyte-macrophage colony-stimulating factor increases the yield of

CD1a- and CD207-positive MUTZ-LCs

This work was initially based on a study conducted earlier at Henkel (bachelor thesis,
Cox, 2016). In this study, the MUTZ-3 cells were differentiated into MUTZ-LCs within
seven days in culture medium supplemented with 20 % fetal calf serum (FCS), 10 %
5637-conditioned medium (5637CM), TGF-B and TNF-a (5TT). However, most of the
published differentiation media are enriched with granulocyte-macrophage colony-
stimulating factor (GM-CSF) (Masterson et al., 2002; Larsson et al., 2006; Santegoets et
al., 2006; Rasaiyaah et al., 2009; Nelissen et al., 2009; Kosten et al., 2015; Ruben et al.,
2015; Groell et al., 2018; Bock et al., 2018). GM-CSF is known to play an important role
in dendritic cell differentiation (Inaba et al., 1992). Consequently, the STT differentiation
medium, as previously described, was augmented with the addition of GM-CSF (5TTG
medium) to assess the impact on the MUTZ-LC differentiation process. Furthermore, the
present study investigated the most suitable duration for differentiation by evaluating the
outcomes at different time points (one, two or three weeks). A comparative analysis was

conducted between the two differentiation media (STT and 5TTG).

While differentiating the MUTZ-3 cells into MUTZ-LCs, the morphology of the cells
changed in both differentiation media. The MUTZ-LCs were bigger than the MUTZ-3
cells and cluster-like formations could be observed, which was also described by Riedl et
al. (2000). In addition, more dead cells and debris were found, which was also confirmed
by flow cytometry. This finding will be further discussed in chapter 5.1.6. The MUTZ-
LCs formed small cytoplasmic protrusions, which was also described by Santegoets et al.
(2008). These cytoplasmic protrusions might be the precursor of the LC-typical long

dendritic processes (Swetman et al., 2002).
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Besides the morphology of the cells, the expression profile of the surface proteins also
changed during differentiation. For one, the characteristic de novo expression of the LC-
typical marker CD207 and CD1a was observed in both differentiation media, as described
by, e.g., Masterson et al. (2002), Larsson et al. (2006), Santegoets et al. (2006), Rasaiyaah
et al. (2009), Nelissen et al. (2009), Kosten et al. (2015), Ruben et al. (2015), Groell et al.
(2018), and Bock et al. (2018). The medium supplement GM-CSF further increased the
expression of CDla and CD207 by at least two-fold. The successful differentiation of
MUTZ-3 cells into MUTZ-LCs was indicated by the high expression of the LC-
characteristic markers CD1a and CD207, which showed an increasing trend during the
first two weeks of differentiation. Furthermore, only when adding GM-CSF to the
differentiation medium, the CD14 expression was lost after two weeks, which confirms
the results published by Masterson et al. (2002) and Larsson et al. (2006). The MHC class
IT molecule, HLA-DR, presents antigens to T cells (Pur¢ et al., 1990) and is known to be
expressed on LCs (Simon et al., 1991; Rizova et al., 1994). Masterson et al. (2002)
observed that HLA-DR was upregulated during differentiation. In the present study, the
differentiation in 5STTG medium led to an increase from an initial proportion of 65 %
HLA-DR-positive MUTZ-3 cells to 90 % HLA-DR-positive MUTZ-LCs after two weeks
of differentiation, with expression levels remaining stable between weeks two and three.
When the cells were differentiated without GM-CSF, less MUTZ-LCs expressed HLA-
DR.

In addition to the previously described markers that are characteristic for MUTZ-3 cells
and MUTZ-LCs, CD86, a typical marker for LC maturation, was also analyzed in this
study. It is important to verify that the differentiated MUTZ-LCs are in an immature state.
Only upon exposure with a sensitizer the MUTZ-LCs should mature, as described for
native LCs in the AOP (OECD No. 168, 2014). The CD86 expression was more
pronounced in the differentiation media supplemented with GM-CSF (approximately
80 %). CD86 is a maturation marker and functions as a read-out parameter for several
OECD-approved in vitro skin sensitization methods, e.g., h-CLAT assay and the U-
SENS™ (TG 442E, 2023). However, both methods are based on THP-1 cells, another
surrogate for dermal LCs. The numbers of CD86-positive MUTZ-LCs were higher than
documented by Nelissen et al. (2009), but comparable to the published CD86 histograms
by Masterson et al. (2002), which showed that nearly every cell was positive for CD86.
In contrast to the h-CLAT assay with THP-1 cells, CD86 seemed to be not suitable as a
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maturation marker for MUTZ-LCs, as nearly every cell was already CD86-positive and
thus a further increase of positive cells upon exposure with a sensitizing chemical was
not likely. This will be further discussed in chapter 5.2. More maturation markers were

added to the panel for the next experiments, which are described in the following chapters.

Taken together, supplementing the medium with GM-CSF resulted in a higher yield of
successfully differentiated CDla- and CD207-positive MUTZ-LCs. In addition, the
expression levels of the proteins increased during the first two weeks of differentiation,
while no significant changes were detected between week two and three, indicating a
plateau in marker expression beyond the two-week timeframe. Therefore, the
differentiation protocol, used by Cox (2016), was modified by adding the supplement
GM-CSF to the medium and prolonging the differentiation from 7 to 14 days.

5.1.3 5637-conditioned medium has no positive effect on MUTZ-LC differentiation

The DSMZ recommends supplementing the culture medium of MUTZ-3 cells with the
conditioned medium by 5637 cells (5637CM), a bladder carcinoma cell line, which is
known to induce the proliferation of leukemia cell lines (Quentmeier et al., 1997).
Quentmeier et al. (1997) listed and quantitated the secreted cytokines by 5637 cells, which
also included, e.g., GM-CSF, TNF-a and TGF-B. As 5637CM is enriched with cytokines,
which are relevant for LC-differentiation (Inaba et al., 1992; Koch et al., 1990; Borkowski
et al., 1997), it could also have a positive effect on LC differentiation. In some of the
published differentiation media, it is not clearly described, whether 5637CM is added to
the differentiation media (e.g., Masterson et al., 2002; Rasaiyaah et al., 2009). For
example, Masterson et al. (2002) described the differentiation as the following: “For the
generation of LC-like cells, MUTZ-3 cells were cultured in GM-CSF and TNFa [...] for
9 days.”. Thus, the components of the differentiation medium are not clearly defined.
Most of the supplements of published differentiation media are completely listed and did
not include 5637CM (Santegoets et al., 2006; Larsson et al., 2006; Ouwehand et al., 2008;
Nelissen et al., 2009; Ruben et al., 2015; Groell et al., 2018; Bock et al., 2018). However,
none of the research groups state the rationale behind removing 5637CM from the
differentiation medium, while adding it to the maintenance medium of the MUTZ-3 cell
culture. Due to this uncertainty regarding 5637CM, the impact of the conditioned cell
medium on the MUTZ-LC differentiation was analyzed. To the author’s knowledge, this
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is the first report analyzing the effect of 5637CM on MUTZ-LC differentiation. For that,
two differentiation media were tested: with 5637CM (5TTG medium) and without
5637CM (TTG medium).

5637CM did not seem to impact the morphology of MUTZ-LCs. Moreover, the
expression profiles of STTG- and TTG-differentiated MUTZ-LCs were nearly identical.
The morphology of the differentiated MUTZ-LCs was similar in both culture conditions,
with similar size and enhanced granularity. Additionally, the characteristic formation of
cell cluster could be observed. These findings were consistent with the previous described
morphology of the STTG-differentiated MUTZ-LCs (chapter 5.1.2). However, compared
to the previous marker expression results with STTG-differentiated MUTZ-LCs (chapter
5.1.2), the expression of CDla and CD207 was even more increased. Nearly every
MUTZ-LC, differentiated for 14 days in STTG and TTG, was positive for these LC-
typical markers. Therefore, the yield of CD1a- and CD207-positive cells was higher than
the published data, e.g., about 35 % (Larsson et al., 2006), 65 % (Nelissen et al., 2009)
and 80 % (Masterson et al., 2002). The loss of CD34 expression as well as the high
expression levels of CD86 and HLA-DR were comparable to the previous described
results. In addition, the membrane-bound protein CD34 was analyzed. The CD34
expression was lost after one week of differentiation, which was also documented by
Masterson et al. (2002). This was expected, as CD34 is a marker for hematopoietic stem
cells (Sutherland et al., 1993) and thus should get lost during the differentiation. Simon
et al. (1991) showed that human LCs express adhesion molecules, e.g., CD18 and CD54,
and that these are important for T cell activation. Similar to the native LCs, the MUTZ-
LCs expressed CD18 and CD54. However, the percentage of CD18-positive MUTZ-3
cells was higher than the one of MUTZ-LCs. To the author’s knowledge, the CD18
expression has not yet been analyzed on MUTZ cells. The reasons for the decrease in
CD18 expression are unknown. Still, CD18 expression could be demonstrated on the
MUTZ-LCs, resembling native LCs. CD54 was expressed by nearly every MUTZ-3 cell
and MUTZ-LC, which is comparable to the results reported by Masterson et al. (2002).
CDA40 is another costimulatory marker playing a role in the T cell activation, which is
expressed by human LCs (Péguet-Navarro et al., 1995). During MUTZ-LC differentiation
the CD40 expression was upregulated and nearly every cell was CD40-positive, similar
to native LCs, which was also observed by Masterson et al. (2002). In addition, CD44

was analyzed as another marker in the present study. CD44 is a membrane-bound
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adhesion molecule expressed by native LCs (Aiba et al., 1993). Its expression was also
detected on nearly every MUTZ-LC, consistent with the published results by Larsson et
al. (2006).

It was observed that the expression profiles of the TTG-differentiated MUTZ-LCs
differed compared to the preciously described expression levels during the GM-CSF
experiments in chapter 5.1.2, despite the utilization of the same differentiation medium.
This disparity could potentially result of the use of different antibodies for the analysis.
Instead of animal-derived antibodies, recombinant antibodies were used to further
increase the reproducibility, as they have higher purity as well as lot-to-lot consistency
(product data sheet, Miltenyi Biotec). Moreover, according to the producer, the
recombinant antibodies are considered to be more specific than animal-derived ones
(product data sheet, Miltenyi Biotec). Therefore, the documented protein expressions
with the recombinant antibodies should allow more consistency than the previous ones.
Another advantage of the recombinant antibodies is the reduction of animal derived

products.

Overall, the results suggest a successful differentiation of MUTZ-3 cells into MUTZ-
LCs, supported with an even wider antibody panel than in the previous experiments with
GM-CSF. Moreover, 5637CM seems to have no impact on MUTZ-LC differentiation. As
a biological product, it is likely that 5637CM has lot-to-lot variabilities, which might
influence the MUTZ-LC differentiation when using different lots. Consequently, for the
reproducibility of differentiation protocol, 5637CM was excluded from the differentiation

medium for all following experiments.

5.1.4 FCS reduction in the differentiation medium accelerates MUTZ-LC

differentiation

Apart from the defined cytokines, another undefined cytokine cocktail is FCS, which is
still commonly supplemented to the differentiation medium. FCS contains growth factors,
adhesion and attachment factors as well as other cytokines, which have a positive impact
on cell culture, e.g., cell proliferation and viability (product data sheet, Biochrom).
Besides the beneficial effects, FCS has the disadvantage that it is prone to lot-to-lot

variations (Baker et al. 2016) and thus might affect the outcome of experiments. In
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addition, FCS is generated by slaughtering pregnant cows in an ethical questionable
manner (Jochems et al., 2002; McCann and Treasure, 2022). Despite these disadvantages,
nearly every published MUTZ-LC differentiation medium contains 20 % FCS (e.g.
Santegoets et al., 2006; Nelissen et al., 2009; Kosten et al., 2015; Groell et al., 2018).
Moreover, the percentage of this animal-derived product is unusually high compared to
other commonly used cell culture media, which are mostly supplemented with 10 % FCS,
e.g., THP-1 cells, U-937 cells or SenzaCells (OECD TG 442E, 2023). Consequently, the
present study aimed to test if FCS can be excluded, or at least reduced in the
differentiation medium. This potential modification of the differentiation medium would
further improve the standardization of the protocol and also align with the principles of
the 3Rs (Russel and Burch, 1959). Four differentiation media were tested, TTG medium
supplemented with 0 %, 5 %, 10 % and 20 % FCS.

After being differentiated for seven days in TTG medium without FCS, nearly all MUTZ-
LCs were dead. A MUTZ-LC differentiation completely without FCS and without any
alternative supplement to compensate for FCS was not possible. Consequently, the
survival of the cells seems to rely on the presence of the components in FCS. Without
supplementation of those components, the cells were not able to survive. However, the
differentiation with 5 % and 10 % FCS resulted in enough viable cells to perform flow
cytometry analysis. After seven days of differentiation in the media supplemented with
reduced FCS content (5 % and 10 % FCS), there were more CD1a- and CD207-positive
MUTZ-LCs than in 20 % FCS enriched medium. The numbers were comparable to the
CDla and CD207 expression after 14 days of differentiation in fully 20 % FCS-
supplemented medium. Moreover, the typical loss of CD14 expression occurred one week
earlier in the FCS reduced media than in the original medium. The expression levels of
all other markers were similar to the already discussed ones in the previous chapter: A
high number of MUTZ-LCs expressed CD40, CD44, CD54, CD86 and HLA-DR, while
the expression of CD34 was lost within the first week of differentiation. The LC-typical
marker, CDla and CD207, were also documented to be expressed on the MUTZ-LCs
differentiated in 5 % and 10 % FCS. This indicates a successful MUTZ-LC differentiation
in the presence of FCS, regardless of the FCS content.

The morphology of the MUTZ-LCs was consistent with the results of the 5637CM
analysis (chapter 5.1.3). However, MUTZ-LCs, cultured in 5 % FCS- or 10 % FCS-
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supplemented medium, already expressed the LC-typical dendritic processes after seven
days of differentiation. In contrast, in 20 % FCS enriched medium, the numerous
dendritic processes of adherent MUTZ-LCs were not found until two weeks of

differentiation.

To sum it up, a reduction of the FCS percentage in the differentiation media from 20 %
to 5 % FCS was sufficient for a successful MUTZ-LC differentiation. Since FCS is an
undefined cytokine cocktail, the medium with the lowest FCS concentration tested so far
(5 % FCS), which still supported the differentiation process, was chosen to continue with
during this study. Moreover, the differentiation with the reduced FCS percentage seemed
to accelerate the MUTZ-LC differentiation. As a result, the differentiation time could be
shortened from 14 to 7 days. Thus, the differentiation process required a shorter duration
compared to the protocols published by Ouwehand et al. (2010) and Bock et al. (2018).
Notably, Nelissen et al. (2009) and Groell et al. (2018) also reported a differentiation for
seven days. In addition, the reduction of the FCS percentage improved the standardization
of the differentiation protocol and contributed to the demand for less animal-derived
products. From an economic standpoint, the optimized differentiation protocol was even
more cost-effective compared to original method. Thus, the enhanced efficiency also

optimizes budget utilization.

5.1.5 Ultroser G is not a suitable FCS alternative for MUTZ-LC differentiation

The present study showed that the FCS content of the differentiation medium could be
reduced by 75 % without apparent loss of cell function. To further improve the
standardization, it would have been ideal to completely remove the FCS from the
medium. However, the previous results have shown that a differentiation without FCS
resulted in a high cell death rate. Therefore, Ultroser G, a commercially available serum-
free alternative to FCS, was tested to possibly prevent the negative effect on cell viability.
Ultroser G has a semi-defined composition, which ensures a batch-to-batch
reproducibility, and a five-times higher bioactivity than FCS (product data sheet, Pall
BioSepra). Unfortunately, the supplier did not disclose its composition. The
differentiation medium was supplemented with 4 % Ultroser G which should be equally
biologically active as 20 % FCS (originally used FCS concentration). To determine the
degree of MUTZ-LC differentiation, the morphological and physiological properties of
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the cells were analyzed in 4 % Ultroser G- and the 5 % FCS-supplemented media (the

optimized protocol).

The morphologies of the MUTZ-LCs differed. In contrast to the numerous and long
dendritic processes exhibited by 5 % FCS-differentiated MUTZ-LCs, only a few 4 %
Ultroser G-differentiated MUTZ-LCs adhered to the bottom of the culture dishes and
formed small dendritic processes. Consequently, the differentiation in Ultroser G-
supplemented medium resulted in a less LC characteristic morphology than the
differentiation with 5 % FCS. This finding was confirmed by analyzing the expression of
typical marker proteins. Less than half of the LC-characteristic CDla- and CD207-
positive MUTZ-LCs were found in 4 % Ultroser G-supplemented medium compared to
the 5 % FCS-containing medium. Another indicator that not all cells in 4 % Ultroser G
enriched medium were differentiated is the detection of a significant number of CD14-
and CD34-positive cells, which are typical for undifferentiated MUTZ-3 cells (product
data sheet, DSMZ). Moreover, the antigen presenting molecule HLA-DR and the
costimulatory factor CD40 were more expressed on 5 % FCS-differentiated MUTZ-LCs
than on 4 % Ultroser G-differentiated cells. Besides CD86, which was also analyzed in
the previous experiments, the other costimulatory factor CD80 was analyzed as well. Both
membrane-bound proteins are expressed on LCs and bind to the CD28 receptor family on
T cells resulting in T cell activation (Slavik et al., 1999). While the CD86 expression was
comparable, the CD80 expression was more pronounced in MUTZ-LCs differentiated in
5 % FCS-supplemented medium. All these results suggest that Ultroser G is less suitable
for MUTZ-LC differentiation than FCS. The only marker in favor of the differentiation
with the FCS substitute is CD18. There were more CD18-positive cells in 4 % Ultroser
G-differentiated than in 5 % FCS-differentiated MUTZ-LCs. CD18 is expressed on LCs
and plays a role in the T cell activation (Simon et al., 1991). Hence, a higher expression
of CD18 might indicate a more LC-like differentiation. However, the marker was also

detected on 5 % FCS-differentiated MUTZ-LCs, although at a slightly lower rate.

Overall, the differentiation of MUTZ-LCs supplemented with Ultroser G has a more than
50 % lower yield of differentiated MUTZ-LCs than the differentiation with 5 % FCS.
One reason for this observation might be that Ultroser G has been developed and tested
specifically for adherent cell types (product data sheet, Pall BioSepra), but not for LCs

which are generally cultured under non-adherent conditions. Nevertheless, it is still
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possible that both differentiation media generated functional MUTZ-LCs capable of
maturing upon exposure to a sensitizer. Hence, MUTZ-LCs differentiated in the presence
of 5% FCS and 4 % Ultroser G were treated with sensitizers to assess their potential

reaction. This will be discussed in the chapter 5.2.

Moreover, the validation of FCS alternatives such as Ultroser G to replace FCS
completely in cell culture aligns with the 3Rs (Russel and Burch, 1959) by reducing the
dependency on animal-derived products. It represents the growing demand towards
completely animal-free, sustainable and reproducible methods. However, despite the
advantages of using animal-free products, the present study demonstrates the importance
of testing the alternatives before replacing animal-derived medium supplements. Not
every animal-free alternative is suitable for every cell culture condition. Some studies
suggest adding growth factors to the FCS-free culture medium improves cell viability and
cell growth (Deangelis et al., 2013; Ghasemi et al., 2019; Alghadeer et al., 2024). Further
studies would be needed to assess if the addition of growth factors could also be sufficient

for a serum-free differentiation of MUTZ-3 cells into MUTZ-LCs.

5.1.6 Differentiating MUTZ-3 cells into MUTZ-LCs results in less viable cells

Regardless of the supplements, a decrease in cell number were observed in every
differentiation media. To the author’s knowledge, this aspect had not yet been discussed
critically in any paper. However, it is important to quantify the basis of cellular viability
before performing further experiments, as the viability of the cells can influence the
phenotype and thus the way the cells react. Bohets et al. (1994) showed that FCS affects
the cytotoxicity of chemicals, meaning a higher FCS content resulted in a lower cell
toxicity. The authors documented that a lower concentration of FCS had a negative impact
on cell viability, respectively. Consequently, the base line of cellular viability can impact
the results of cell experiments. Cell viability is an important factor for this present study
too, as the MUTZ-LCs are foreseen to function as LC surrogates to validate the
sensitization potential of a chemical. For example, in the h-CLAT assay, at least 90 % of

the THP-1 cells must be viable, otherwise the assay is not valid (OECD TG 442E, 2023).

The viability of the MUTZ-LC culture decreased from about 90 % at the beginning of the

differentiation culture to approximately 50 % after seven days of culture. Only when
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differentiating the cells with Ultroser G a slightly higher cell viability (about 60 %) was
detected compared to the FCS-supplemented differentiation media. This indicates a better
baseline of cellular viability in the media enriched with the FCS alternative, which is
favorable. However, the numbers of viable CD1a- and CD207-positive cells were lower
in the Ultroser G than in the FCS-supplemented differentiation medium. For this project,
achieving successful MUTZ-LC differentiation is prioritized over high cell yield, as it is
more crucial to obtain MUTZ-LCs in the required differentiated state than a larger

quantity with compromised differentiation.

The overall documented decrease in cell number could have several reasons. For one, it
might be the result of a proliferation arrest, which was demonstrated by Masterson al.
(2002). However, it is rather unlikely that this is the only reason. Otherwise, the number
of MUTZ-LCs should be comparable to the initial cell number before starting of
differentiation. Santegoets et al. (2006) observed that the MUTZ-3 population consists of
three sub-populations and showed that only CD14-positive cells could be differentiated
into CD207-positive MUTZ-LCs. In contrast to the present study, Santegoets et al. (2006)
initiated the differentiation culture with the individual subpopulations after cell sorting.
Thus, the presence of cells from the other subpopulations might have an effect on the
CD14-positive MUTZ-3 cells in the present study. Approximately 20 % of the MUTZ-
LCs were positive for CD14. It could be possible that the CD14-positive cells are first
proliferating, more than doubling their numbers, before changing into a proliferation
arrest. The other MUTZ-3 sub-populations might have died resulting in the high numbers
of debris in the differentiation medium. However, more analyses must be conducted to

elucidate the mechanisms behind the apparent decline in cell number.

Furthermore, the numbers of viable cells are important for planning experimental setups.
To generate the desired numbers of viable MUTZ-LCs for further experiments, one has
to start with approximately twice the number of MUTZ-3 cells. Nevertheless, the decisive
factor is that the MUTZ-LCs, which are present after differentiation, have the desired LC-
phenotype and respond properly upon exposure to a sensitizer in a way which is
comparable to native LCs. This was analyzed as well and will be discussed in the

following chapter.
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5.2 5% FCS-differentiated MUTZ-LCs show LC-characteristic reactions

upon exposure with a known sensitizer

After optimizing the differentiation protocol regarding the yield of LC-typical cells,
standardization, speed and cost-effectiveness, the immunocompetence of the MUTZ-LCs
had to be verified. It is important that the MUTZ-LCs are in a differentiated, but immature
state and can still mature upon exposure with a sensitizer. This is a prerequisite for their
intended role in an immunocompetent skin model to assess the sensitizing potential of
chemicals. To test their immunocompetence, MUTZ-LCs were treated with two
sensitizers, which are part of the OECD proficiency chemicals: 2,4-dinitrochlorobenzene
(DNCB) was chosen as an example for an extreme sensitizer and imidazolidinyl urea (1.
Urea) as a weak sensitizer to evaluate whether the potency of the chemical has also an
impact on the cell reaction. The reaction upon sensitizer treatment were studied in MUTZ-
LCs, which were differentiated for seven days in TTG medium supplemented with 5 %
FCS (optimized differentiation protocol) or with 4 % Ultroser G. 4 % Ultroser G-
differentiated MUTZ-LCs were still tested for functionality, despite the lower yield of
CDla- and CD207-positive cells, as the use of the FCS substitute would further increase
the reproducibility compared the FCS-supplemented medium. In addition to the previous
tested marker, CD83 was analyzed as well, due to its role in the maturation process of

LCs, which will be discussed in the following chapter.

Overall, DNCB exposure induced LC-characteristic reactions in the MUTZ-LCs but only
when they were differentiated in medium supplemented with 5 % FCS. However, no
change in the maturation markers CD54 and CD86 could be detected, which are
characteristic for THP-1 cells and thus are employed as read-out parameters in the h-
CLAT assay (OECD 442E, 2023), but an increase in CD83 expression, another marker
for matured LCs (Zhou and Tedder, 1995). The treatment with I. Urea did not induce an
increase of the CD83 expression. Nevertheless, I. Urea might have still induced a reaction

of the MUTZ-LCs, which have to be studied by analyzing further parameters.
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5.2.1 DNCB treatment increases CD83 expression in 5 % FCS-differentiated
MUTZ-LCs

The DNCB treatment resulted in visible changes in the cell morphology of 5 % FCS-
differentiated MUTZ-LCs. Compared to the untreated MUTZ-LCs and the vehicle
control, nearly no adherent MUTZ-LCs exhibiting dendritic processes were observed
after the cells were treated with DNCB. This cellular reaction upon sensitizer exposure is
similar to the one of native LCs. After LC maturation following a chemical stimulus in
native skin, the MUTZ-LCs retract their dendritic processes and detach from the
keratinocytes in order to migrate into the dermis, which has been well characterized in
mice models (Deckers et al., 2018). To the author’s knowledge, the retraction of the
dendrites has not yet been published in the culture of MUTZ-LCs. In contrast to the
differentiation with 5 % FCS, there was nearly no formation of dendritic processes
observed in the controls of 4 % Ultroser G-differentiated MUTZ-LCs. Thus, no

characteristic detachment of the cells could be observed upon sensitizer treatment.

In addition, in both differentiation media were more dead cells observed after treating the
cells with DNCB solutions in two different concentrations, except for the lower DNCB
concentration in 5 % FCS-containing medium. The flow cytometric analysis confirmed
the decrease in cell viability of DNCB-treated cells. This was exactly the desired effect
on cell viability, as DNCB was used in a concentration resulting in about 25 % cell
toxicity, except for the lower DNCB concentration in 5 % FCS-supplemented medium.
The DNCB concentration causing a 25 % decrease in cell viability was determined with
a dose finding assay, based on the h-CLAT assay (OECD TG 442E, 2023). By using a
concentration that induces 25 % cell toxicity, a balance should be achieved between
conducting a valid sensitization assessment and minimizing the potential interference
from excessive cytotoxicity. This level of cell toxicity allows the analysis of the
chemical’s sensitizing potential without overwhelming the cells with excessive cell

toxicity. (OECD TG 442E, 2023)

Furthermore, after DNCB exposure, no relevant changes in the expression of the analyzed
proteins were detected, except for CD83. CD83 is a known maturation marker, which
plays an important role in an effective immune response (Zhou and Tedder, 1995; Aerts-
Toegaert et al., 2007). Cao et al. (2005) have shown that CD83 is preformed and

intracellular present in immature LCs, enabling a rapidly induction upon LC maturation.
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The immunoglobulin protein CD83 has been documented to promote the expression of
other maturation markers such as CD86 and MHC class II (Tze et al., 2011). Additionally,
CDS83 has been reported to modulate T cell responses and contributing to
immunoregulation, as it promotes the development and function of regulatory T cells
(Doebbeler et al., 2018). Thus, CD83-mediated LC interactions with regulatory T cells
can help to regulate immune balance and suppress excessive immune responses. In the
present study, an at least three-fold increase in CD83 expression was documented after
DNCB treatment, but only on 5 % FCS-differentiated MUTZ-LCs. The expression of the
other LC-typical maturation markers remained unchanged. The majority of 5 % FCS-
differentiated MUTZ-LCs was already positive for CD54 and CD86. Neither a change in
the numbers of positive cells, nor in the mean fluorescence intensity (MFI) was detected.
Both markers are typical read-out parameters for activated THP-1 cells, used to
characterize the sensitizing potential of chemicals in several OECD-accepted methods,
e.g., in the h-CLAT assay (OECD TG 442E, 2023). One could argument, that a different
cell line is used in the h-CLAT assay, as MUTZ-3 cells and THP-1 cells have different
phenotypes. For example, in contrast to the high expression on the MUTZ-3 cells, nearly
no THP-1 cell is positive for CD54 or CD86 without sensitizer exposure (Azam et al.,
2006). Thus, an increase in the numbers of CD54- and CD86-positive THP-1 cells is
possible, but not for MUTZ-LCs. Ruben et al. (2015) also showed nearly identical CD86
histograms of untreated and matured MUTZ-LCs, which were treated with a cytokine
cocktail. In contrast, Santegoets et al. (2008) documented a slight increase in the MFI
emitted from CD54- and especially from CD86-positive MUTZ-LCs after stimulating the
cells with a cytokine cocktail. The CD54 and CD86 histograms of immature and matured
MUTZ-LCs from Masterson et al. (2002) showed a slight increase in the MFI. Therefore,
on the one hand, the apparently missing CD54 and CD86 induction might indicate that
the MUTZ-LCs in this project already matured during the differentiation and were not in
an immature state any longer. On the other hand, an increase in the expression of the
costimulatory molecule CD83 was detected after DNCB stimulation. Therefore, the
MUTZ-LCs, but only when differentiated in medium supplemented with 5 % FCS,
reacted upon sensitizer treatment indicating an immune reaction, even if not consistent
with every published expression profile. Moreover, this is the analyzed reaction in cell
suspension. The MUTZ-LCs were foreseen to be integrated into the Phenion® Full-
Thickness (FT) skin model, where the cell-cell contact to keratinocytes and potentially

fibroblasts could influence the cellular reaction of the MUTZ-LCs after sensitizer
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exposure. Apart from that, these results further confirmed that Ultroser G is not a suitable
FCS substitute for the differentiation of MUTZ-LCs, at least for the aim of this project to

generate an immunocompetent skin model.

5.2.2 Imidazolidinyl urea treatment has no impact on the analyzed protein

expression profile of MUTZ-LCs

Besides DNCB, the MUTZ-LCs differentiated in medium supplemented with 5 % FCS
or 4 % Ultroser G were also treated with 1. Urea. Similar to the DNCB treatment, there
were more dead cells in both differentiation media after exposure with 1. Urea, as the
chemical was also used in a concentration corresponding to cell toxicity of around 25 %,
as described in the h-CLAT assay (OECD TG 442E, 2023). However, there was no
difference detected regarding the morphology of the cells. In contrast to the DNCB
treatment, there were still adherent 5 %FCS-differentiated MUTZ-LCs with dendritic
processes after I. Urea treatment. Thus, the lack of retracting dendritic processes suggests
that I. Urea treatment did not result in MUTZ-LC maturation. Furthermore, this was
confirmed by the measured expression levels of the maturation markers, e.g., CD54,

CD83 and CD86, which did not markedly change after I. Urea treatment.

Taken together, the MUTZ-LC treatment with I. Urea did not result in any detectable
morphological changes, nor did it modify the analyzed marker expressions, regardless of
the used differentiation medium. Based on local lymph node assay data, I. Urea has only
a weak sensitizing potency compared to the extreme one of DNCB (OECD TG 429 or
442A, 2010). Hence, 1. Urea might not be strong enough to activate the MUTZ-LCs in a

measurable or observable way as the DNCB treatment.

5.3 Successful integration of MUTZ-LCs into the Phenion® Full-Thickness

skin model

The protocol applied to differentiate MUTZ-3 cells into MUTZ-LCs was successfully

optimized. The standardization and reproducibility were enhanced by reducing the
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amount of animal-derived products. Moreover, the yield of successfully differentiated
CDla- and CD207-positive MUTZ-LCs could be enhanced compared to the literature
(Masterson et al., 2002; Larsson et al., 2006; Nelissen et al., 2009). In addition, the
cellular reactions were analyzed after exposure with a sensitizer. Next, the differentiated,
immature MUTZ-LCs had to be integrated into the Phenion® FT skin model. The
Phenion® FT skin model consists of primary human keratinocytes and fibroblasts isolated
from skin biopsies. Furthermore, the model comprises a fully differentiated epidermis
with all layers seen in native human skin, including a functional skin barrier, and a dermal
compartment characterized by a plethora of extracellular matrix proteins deposited by the
fibroblasts embedded in the dermis (Mewes et al. 2007; Ackermann et al. 2010). Its
xenobiotic metabolic competence has been demonstrated in a study published by

Wiegand et al. (2014).

Different seeding protocols of MUTZ-LCs and keratinocytes on the dermis model had
been tested. One complication was that the MUTZ-LCs are suspension cells and the
keratinocytes adhesion cells. When seeding both cell types at the same time, the
keratinocytes seemed to sediment faster than the MUTZ-LCs. Thus, the keratinocytes
were nearly completely adherent before most of the MUTZ-LCs sedimented and reached
the dermis. Consequently, the majority of the MUTZ-LCs were not integrated between
the keratinocytes. After observing this, the seeding protocol was modified by seeding half
of the keratinocytes with the MUTZ-LCs followed by an additional seeding of
keratinocytes to confine the MUTZ-LCs to the lower-most cell layers and hence to
prevent them from floating. To ensure a successful integration with the optimized seeding
protocol, the skin models were analyzed with various staining methods to locate the

MUTZ-LCs (chapter 5.3.1 and 5.3.2).

5.3.1 CFSE labeling of MUTZ-LCs is lost in frozen sections of Phenion® Full-

Thickness skin models

In order to demonstrate the integration of the MUTZ-LCs into the skin models, the cells
were stained with CFSE beforehand, based on a protocol published by Kosten et al.
(2015). The cell permeable tracker CFSE is intracellularly cleaved by esterases, resulting
in the formation of the fluorescent compound, and covalently binds to all intracellular

molecules with amine residues (product data sheet, eBioscience Inc.). Due to the typical
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proliferation arrest of the MUTZ-LCs (Masterson et al., 2002) it was expected that the
CFSE staining would still detectable after about two weeks of ALI culture. This was
confirmed by the enzymatically separated epidermis, which showed green fluorescence
signals, emitted by the CFSE-stained MUTZ-LCs. The CFSE-stained MUTZ-LCs were
more cumulated and not as sporadic and scattered as in Kosten et al. (2015). These
aggregates might be the effect of the already observed cluster-formations of the MUTZ-
LCs in the suspension culture. Hence, the integration of the MUTZ-LCs had been

confirmed.

Still, with the plan view of a separated epidermis it was not possible to specify in which
epidermal layer the MUTZ-LCs were located. To achieve that, frozen sections of the skin
models were made. However, no fluorescence signals were observed. Thus, it seemed
that the CFSE staining was lost after freezing the skin models at -80 °C and cutting the
frozen sections. However, this was not observed by Lonnqvist et al. (2019), who could
verify the location of CFSE-stained keratinocytes in frozen skin sections. Further research
must be performed to analyze, why the CFSE staining was apparently lost in this study.
Consequently, at least for this study, CFSE was not a suitable staining method for locating
the MUTZ-LCs in frozen sections. Hence, the CFSE staining was not performed any

longer for the following experiments.

5.3.2 MUTZ-LCs are integrated in all epidermal layers of Phenion® Full-Thickness

skin models

Instead of the CFSE staining of the MUTZ-LCs, an immunofluorescence staining for
CDla was performed on the frozen sections of the skin models. As CD1a was expressed
by nearly every MUTZ-LC at the end of their differentiation culture and is known to be
selectively expressed by epidermal and dermal LCs (Furue et al., 1992), it is the ideal
marker to locate the MUTZ-LCs. The MUTZ-LCs were found in all epidermal layers, but
especially in the stratum spinosum, similar to the native human skin (Breathnach, 1964).
Regardless of the MUTZ-LC differentiation protocol (original vs. optimized) applied
before seeding into the skin models, the cells formed long dendritic processes in the skin
model like the native LCs in the human skin (Chu and Jaffe, 1994). Therefore, MUTZ-
LCs differentiated with the optimized protocols (5 % FCS, seven days of differentiation)

were suited for the integration into the skin model and were used for all following
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experiments. Only a few positive signals were found in the dermis, but they were so small
that they were likely to be cell fractures. In addition, the collagen matrix of Phenion® FT
skin models elicit bright autofluorescent signals at the same excitation wavelength chosen
for the detection of the anti-CD1a antibodies. This unspecific staining of the matrix is a
known problem of cross-linked collagen (Sherlock et al., 2018). Still, the false-positive
signals could be distinguished from the CD1a-stained MUTZ-LCs, as the matrix signals
were in the lower section of the dermis and more linear as well as longer than the ones
emitted by the MUTZ-LCs. Accordingly, a distinction of the positive and false-positive

signals was possible.

Compared to the immunofluorescence staining of the skin models published by Kosten et
al. (2015), more signals were found in the epidermis of the Phenion® FT skin model with
integrated MUTZ-LCs. Moreover, there were less signals in the dermis than showed by
Kosten et al. (2015), where several MUTZ-LCs seemed to have migrated into the dermis.
CDla staining as reported by Bock et al. (2018) showed similar results. There were fewer
positive signals in the epidermis compared to the skin model with integrated MUTZ-LCs
of the present study. Kosten et al. (2015) and Bock et al. (2018) applied the same numbers
of seeded MUTZ-LCs as used in the present project. Therefore, the integration of the
MUTZ-LCs seemed to be more efficient in the Phenion® FT skin model. Moreover, the
MUTZ-LCs seemed to have more and longer dendritic processes compared to the

literature (Kosten et al., 2015; Bock et al., 2018).

Beside the standard version, Phenion® has also a LONG-LIFE model, among several
others. The LONG-LIFE version can be longer cultured enabling with 50 days a four-
times longer experimental test phase than the standard skin model, which is interesting
for special applications, e.g., for repeated applications of chemicals. Thus, it was also
tested whether the MUTZ-LCs can be integrated into the Phenion® FT LONG-LIFE skin
model. This was successfully done with the same modified seeding protocol. However,
for the establishment of an immunocompetent skin model, the experiments were
performed with the Phenion® FT standard skin model, as it is faster produced and more

cost-effective than the LONG-LIFE version.

Overall, the CD1a immunofluorescence staining showed a successfully integration of the

MUTZ-LCs into the Phenion® FT standard and LONG-LIFE skin models.
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5.3.3 Integration of MUTZ-LCs has no impact on Phenion® Full-Thickness skin
model differentiation

In order to demonstrate that the MUTZ-LCs are indeed stably integrated into the
epidermis of the Phenion® FT skin model, different histological analyses had been
conducted. A first analysis revealed that no structural differences were observed between
standard and LONG-LIFE Phenion® FT skin models without and with integrated MUTZ-
LCs. The integration of the MUTZ-LCs seemed to have no impact on the correct
differentiation of the epidermal layers. Moreover, adding this new cell line to the
keratinocytes resulted in an overall slightly thicker epidermis compared to the skin
models without integrated MUTZ-LCs. However, the epidermal thicknesses varied over
a wide range of values between different tissue batches and even between tissues within
one production batch, regardless of the MUTZ-LC integration. This observation is
supported by the documentations of the Phenion® FT skin model production lots over
more than a decade (statement from Lars Vierkotten, manager of the Phenion® FT skin
model production, 2022). Nevertheless, it is not unrealistic that an additional seeding of
one million cells per skin model might result in a somewhat thicker epidermis. This could

be considered as a further indicator of a successful MUTZ-LC integration.

Compared to the structure of the frozen sections of the reconstructed human skin model
with integrated MUTZ-LCs published by Bock et al. (2018), the Phenion® FT skin model
seems to be better differentiated, e.g., the starum basale and stratum spinosum can be
clearly identified based on the specific cellular characteristics and thus appear more in
vivo like. The epidermis of the FT skin equivalent with integrated MUTZ-LC from Kosten
etal. (2015) looks quite similar compared to the structure of the Phenion® FT skin model,
but the dermis of the Phenion® FT skin model seems to be better differentiated with an

extracellular matrix formed/secreted by the dermal fibroblasts.

Overall, the tissue architecture of the skin models, standard and LONG-LIFE versions,
was not affected by the integration of the MUTZ-LCs. Only the epidermal thickness was
slightly bigger when the additional cell type was seeded. Furthermore, it was not possible
to identify the MUTZ-LCs in the hematoxylin-eosin (HE) staining of frozen tissue

sections.
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5.4 Analysis of the immunocompetence of the Phenion® Full-Thickness skin

model with integrated MUTZ-LCs

After having successfully integrated the MUTZ-LCs into the Phenion® FT skin model,
the immunocompetence of the skin models was analyzed. For that, the skin models were
treated with DNCB, an extreme sensitizer, and NiSQs, a strong sensitizer. Both chemicals
are part of the OECD proficiency chemicals list (OECD TG 442E, 2023). First, suitable
concentrations of the sensitizers had to be determined with a dose finding assay. In a next
step, the structure of the skin model and the localization of the MUTZ-LCs were analyzed
after exposure to the sensitizers. Moreover, to find suitable read-out parameters, the gene
expression pattern of the immunocompetent skin models under different experimental

conditions was analyzed with the Next Generation Sequencing (NGS) method.

5.4.1 Discrepancy of the determined sensitizer cytotoxicity between MTT assay,

tissue architecture and literature

A dose finding assay was performed to determine the optimal concentration of the
sensitizers, which is the highest concentration that could be topically applied without
significant tissue damage. For the dose finding assay, the concentration range was set
based on literature. Kosten et al. (2015) used, e.g., 10 mM NiSO4 and Bock et al. (2018)
0.07 % DNCB in their experiments.

When treating the Phenion® FT skin models with DNCB solutions of the indicated
concentrations, the tissue viability was apparently similar to that of the untreated skin
models, as determined with the MTT viability assay. However, the histological analysis
of the tissues showed a clear disturbance in the structure of the treated skin models (e.g.,
thinner epidermis and unorganized stratum basale), indicating tissue damage and
consequently decreased viability. The discrepancy between the MTT results and the
structure of the skin models could result from the fact, that the reduction of the tetrazolium
salts is not only performed by mitochondrial reductases, but also by cellular reductases
(Berridge and Tan, 1993). Thus, for example, high cellular NADH concentrations can
affect the results of the MTT assay resulting in false-positive results, as NADH is an
electron donor for the MTT assay (Berridge and Tan, 1993; Liu et al., 1997; Berridge et
al., 2005). However, if this mechanism is also responsible for the observed high MTT
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reduction rate in otherwise damaged Phenion® FT skin models remains open. In previous
studies it was confirmed that only the keratinocytes located in the stratum basale and the
lower stratum spinosum are still physiologically competent for MTT reduction reactions

(Melyanti, diploma thesis, 2008).

Consequently, the concentrations of the sensitizers were determined with the observed
skin model structure of the HE-stained frozen sections. It should be emphasized, that the
determined concentrations of NiSO4 and DNCB of the present study are only a fraction
of the used concentrations by Kosten et al. (2015) and Bock et al. (2018). This is unusual,
as the Phenion® FT skin model has a well-established skin barrier, which should rather
increase the suitable concentration of the sensitizer. In this study DNCB was used in a
seventh concentration of the used DNCB concentration by Bock et al (2018) and the
concentration of NiSO4 was even 20- and 100-times lower than applied by Kosten et al.
(2015). Neither Kosten et al. (2015) nor Bock et al. (2018) showed microscopic images
of treated skin models. Bock et al. (2018) only referred to the results of Kosten et al.
(2015) showing that DNCB concentrations up to 0.1 % result in minimal cell toxicity of
treated epidermis models. Ouwehand et al. (2011) observed no detrimental structural
changes of skin equivalents treated with up to 19 mM NiSO4. In comparison, when
treating the Phenion® FT skin models with 10 mM NiSOs, the epidermis of the skin
models was lost during the washing steps of the MTT assay. The published skin
equivalents and the Phenion® FT skin model differ in structure. The Phenion® FT skin
model for example is based on a matrix, while most of the published models are generated
with collagen gels (Ouwehand et al., 2011; Kosten et al., 2015; Bock et al., 2018). This

difference could have an impact on the induced cytotoxicity of the sensitizers.

In general, further experiments and comparison of different skin equivalents used by other
research groups had to be performed to identify the reasons for the different cytotoxicity
of DNCB and NiSO4 treatment. The inaccurate results of the MTT assay show the
importance to analyze the tissue architecture of the skin models with HE-stained frozen

sections.
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5.4.2 Hydrocortisone impacts the MUTZ-LC migration in Phenion® Full-Thickness

skin models upon sensitizer exposure

The LCs in the native skin start to migrate into the dermis after an exposure with a
sensitizer. Thus, to observe a possible migration of the MUTZ-LCs in the Phenion® FT
skin models of the present study, the location of the CD1a-immunofluorescence stained
MUTZ-LCs of untreated and treated skin models were compared. The first experiments
of treating the Phenion® FT skin models with the determined sensitizer concentrations
did not result in a migration of MUTZ-LCs. However, when treating the MUTZ-LCs in
suspension culture with DNCB, they showed a LC-typical response by retracting their
dendritic processes, which is a crucial step before they are able to migrate into the dermis
(Deckers et al., 2018). On the one hand, the cells might react differently once they are
integrated into the skin model and have contact to other cell types. On the other hand, it
was possible that a medium supplement might interfere with the immune reaction of the
cells. One medium supplement, which had been added to the ALI culture medium since
the beginning of Phenion®, is hydrocortisone (HC). While HC has a known positive effect
on the proliferation of keratinocytes (Rheinwald and Green, 1975), it turned out that HC
seemed to suppress the immune reaction of the MUTZ-LCs. The sensitizer treatment of
the Phenion® FT skin models cultured without HC resulted in CD1a-positive signals in
the dermis. The CDla-stained MUTZ-LCs in the dermis of DNCB- or NiSOs-treated
MUTZ-LCs were more spherical and seemed to have no dendritic processes compared to
the epidermal MUTZ-LCs. The different morphology is typical for migrated LCs, which
have to change their size and form to be able to find a way between the keratinocytes and

fibroblasts (Deckers et al., 2018).

In addition, a TUNEL assay was performed to analyze whether the cells were viable, as
it labels DNA strand breaks, which are typically generated during apoptosis (product data
sheet, Roche). With this assay it could be verified that the MUTZ-LCs, especially the
dermal ones, were viable and not only fragments. There were only a few positive signals
found, regardless of the treatment and culture condition of the Phenion® FT skin moels.
Hence, the CD1a-positive MUTZ-LCs seemed to be viable, as well as the overall viability

of the skin models.

All these results suggest a successful migration of the MUTZ-LCs after sensitizer

exposure, but only when the skin models were cultured without HC. Kosten et al. (2015)
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and Bock et al. (2018) both use the same HC concentration in their skin model culture
medium as usually used in the Phenion® ALI culture medium. However, they still
monitored a migration of the MUTZ-LCs in the skin models. Hence, there might be other
factors influencing the migration of the MUTZ-LCs. One possible factor might be the
architecture of the skin models. The Phenion® FT skin model is based on a bioartificial
collagen matrix in which the fibroblasts are cultivated. In contrast, the skin model from
Kosten et al. (2015) and Bock et al. (2018) are based on a collagen hydrogel. Further
experiments have to be performed to test whether the structure of the Phenion® collagen

matrix impedes the migration of the MUTZ-LCs compared to the hydrogel counterpart.

5.4.3 Impact of hydrocortisone and sensitizer treatment on the Phenion® Full-

Thickness skin model architecture

The skin models without or with integrated MUTZ-LCs, cultured with or without HC,
showed well developed and differentiated skin layers. Consequently, HC seemed to have
no impact on the correct differentiation of the Phenion® FT skin models. In addition, the
effect on the epidermal thickness was analyzed. The medians of the epidermal thickness
ranged from about 95 um to 140 pm and thus showed a wide distribution, which is typical
for the Phenion® FT skin models (statement Lars Vierkotten, Manager of the Skin Model
Production at Henkel AG & Co. KGaA, 2022).

Comparing the epidermal thicknesses of the skin models cultured in three culture
conditions (with HC, 5 days without HC and without HC during ALI culture), regardless
of the treatment, only slight differences could be detected: The medians of the HC-
cultured ones were slightly higher than the ones cultured without HC. However, the
epidermal thicknesses of the HC-free cultured skin models had the smallest data
distribution. Therefore, the epidermal thicknesses of the HC-free cultured skin models
were more homologous than the ones cultured with HC. This is an important factor for
the reproducibility of the experiments. Still, it has to be verified whether the culture
without HC during the ALI phase of the Phenion® FT skin models indeed results in a
slightly thinner, but more homologous epidermis compared to the ones cultured with HC.
It is also possible that these differences might result because of the biological variation

of the skin model batches.
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The DNCB-treatment of the skin models had no impact on the epidermal thickness.
Besides the architecture of the skin models, this indicates that the sensitizer treatment did
not affect the structure of the skin models. Hence, the DNCB concentration did not seem
to be too high. This was also observed after treating the skin models with 0.1 mM NiSOa.
The higher NiSO4 concentration, 0.5 mM, resulted in a slight decreased epidermal
thickness compared to the control. This might indicate that the treatment with 0.5 mM
NiSOg4 could have a negative impact on the epidermal structure and thus be too high for
treating the skin models. It is crucial that the skin models are still viable after the sensitizer
treatment, as the skin equivalent is foreseen to serve as a model to analyze the immune
reaction upon a sensitizer exposure and not the cellular reactions upon a damaged skin.
Further experiments have to be performed to decide if 0.5 mM NiSOj4 should be removed

from the sensitizer panel.

5.4.4 Sensitizer treatment of Phenion® Full-Thickness skin models regulates typical

immune system process and migration genes

To identify other read-out parameters besides the migration of the MUTZ-LCs, an RNA
sequencing with NGS was performed by Life & Brain GmbH. This was the first time that
such a sequencing was performed with a Phenion® FT skin model. Hence, an initial
selection of samples was chosen, where the immunofluorescence staining of the frozen
sections showed an apparent migration of the MUTZ-LCs after NiSO4 treatment (Figure
27) when the skin models were cultured without HC. In addition, the vehicle control,
PBS-treated skin models, were analyzed. Hereby, two culture conditions, with and

without HC, were compared to study the effect of HC on gene regulation.

The first two principal components described the majority of the variance. The principal
component analysis (PCA) showed a clear separation of the regulated genes of the
epidermis and dermis. Moreover, the culture condition with or without HC during ALI
phase were also distinguishable, even if the differences were not as pronounced as the
epidermis vs. dermis samples. Thus, the PCA showed four separated groups with a small
variance within a group. This indicates that the samples within those groups share a
similar gene expression profile, while being different from the samples of the other groups

(e.g., culture with and without HC). Hence, certain gene expressions are associated with
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the epidermis and dermis as well as the culture condition with and without HC, potentially
reflecting biologically relevant differences. However, the treatments of the skin models
could not be allocated to a distinguishable group, indicating that there were no discernible

differences in the overall gene expression profile associated with the treatments.

The detected log2 fold changes of the regulated genes ranged from nearly -10 to about
+10. This means that the genes were decreased or increased by approximately 1,000-
times. These gene regulations are very high, e.g., compared to the maximum detected 6
log2 fold changes of the GARD assay (Forreryd et al., 2014). Thus, NiSO4 treatment
seemed to induce strong responses in the cells of the Phenion® FT skin models, which is
good for future interpretations. For example, it could be possible that a weaker sensitizer
results in lower fold changes of the relevant genes. This would enable a categorization of
the sensitizer potency based on the log2 fold change, similar to the prediction of the

sensitizer potency in the GARD assay (OECD TG 442E, 2023).

Moreover, it was tested what kind of pathways were addressed by the regulated genes in
the Phenion® FT skin models. The pathways, which were relevant for this project, were
assigned to four topics: metabolism, differentiation/development, immune system, and
migration. Several processes were related to the metabolism, which might reflect the
cellular reaction upon contact with NiSOg4. “Metal binding” could be directly linked to
nickel. However, this had to be validated with other experiments, e.g., the detection of
nickel in the skin model. Besides that, pathways were regulated, which can be assigned
to the differentiation and development of the skin model. Especially interesting for this
project were the regulated pathways of the immune system and more specific of the
migration. Some of the regulated pathways can be assigned to the cellular reactions of
LCs after sensitizer treatment, e.g., “cellular responses to growth factor stimulus”, which
is a central step of immune system reactions. The treated Phenion® FT skin models of the
present study, which were cultured without HC, had even more LC-typical regulated
pathways, e.g., “cellular response to TGF-B stimulus” (Thomas et al., 2001). Further,
pathways of HC-free and treated skin models even addressed the “regulation of
chemotaxis”, which is crucial for the migration of LCs (Koch et al., 2006). One example
for chemotaxis is the C-X-C motif chemokine ligand 12 (CXCL12), which is expressed
by fibroblasts (Quan et al., 2015). The corresponding receptor is C-X-C motif chemokine

receptor 4 (CXCR4), which is expressed on LCs, is induced upon sensitizer exposure
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(Kabashima et al., 2007). Due to this gradient the LCs migrate from the epidermis into
the dermis (Kabashima et al., 2007). These findings further confirm the observed
migration of the MUTZ-LCs, but only when the skin models were cultured without HC.
Pathways, which are assigned to the topic migration, were regulated in all treated skin
models. When the LCs mature upon sensitizer exposure, a lot of cellular responses take
place. For one, the LC-typical dendritic processes have to get retracted to enable the
migration through the keratinocyte layers into the dermis (Deckers et al., 2018). In the
present study, the pathway “regulation of cellular projection organization and cell
adhesion” was also addressed by the NiSOs-treated skin models. All the regulated
pathways suggest that the skin models with integrated MUTZ-LCs were

immunocompetent and reacted to the sensitizer treatment.

A comparison of the regulated genes with genes that are known to play a role in the
immune system and in migration processes, provided by the gene data bank Gene
Ontology (Ashburner et al., 2000; Gene Ontology Consortium, 2021), showed several
matches. This indicated that the skin models initiated an immune response after being
treated with a sensitizer. When comparing the regulated genes in the NiSOs-treated
Phenion® FT skin models with the migration genes from Gene Ontology, five genes
matched in every epidermis of the treated skin models (+ HC): PTN, HAS2, SDCBP,
DDR?2 and TMSB4X. PTN is the gene for the heparin-binding growth factor pleiotrophin
(PTN). This growth factor induces, e.g., the migration of glioblastoma migration (Lu et
al., 2005). Moreover, PTN induces the expression of inflammatory cytokines like TNF-a
and IL-1B (Achour et al., 2008). These cytokines are involved in the migration of LCs
(Cumberbatch et al., 2003). To the author’s knowledge it had not yet been studied if PTN
has also an impact on the migration of LCs from the epidermis into the dermis. To validate
that, further experiments have to be performed, e.g., an enzyme-linked immunosorbent
assay (ELISA). Hyaluronan synthase 2 (HAS?2) is also regulated in the NiSOs-treated
epidermis of the Phenion® FT skin models. HAS2 synthesize hyaluronic acid (HA), which
is a component of the extracellular matrix and mostly produced by dermal fibroblasts
(Tzellos et al., 2011). This might indicate that the enzymatically separation of the
epidermis and dermis was not perfectly done. Additional research has to be performed to
analyze how many fibroblasts are still attached to the epidermis after the separation.
However, Mummert et al. (2002) also showed that dendritic cells express mRNAs for
HAS and that HA polymers on the surface of dendritic cells may be important for the
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migration to the afferent lymphatics. So, it has to be further validated, if the dendritic
cells or the possible contamination with fibroblasts are responsible for the HAS2
regulation. Syndecan binding protein (SDCBP) is a syntenin protein and also regulated
in all treated epidermal samples from Phenion® FT skin models. Koo et al. (2002)
reported that syntenin promotes the migration of human breast and gastric cancer cell
lines. Another regulated gene, which is known to be involved in tumor cell migration, is
discoidin domain receptor tyrosine kinase 2 (DDR?2) (Xie et al., 2015). However, DDR2
is also reported to be mainly expressed by fibroblasts and not keratinocytes (Cario, 2018),
which might further indicate a contamination of the epidermis samples with dermal
keratinocytes. Thymosin beta 4 X-linked (TMSB4X) encodes an actin sequestering
protein, which has been shown to be involved in cell migration (Sribenja et al., 2013). As
SDCBP, DDR?2 as well as TMSB4X were regulated in the epidermis of the skin model,
they might also play a role in the migration of the LCs. This has to be verified with follow-

up experiments.

When comparing the regulated genes in the dermis of NiSOs-treated Phenion® FT skin
models (= HC) with known migration genes from Gene Ontology, the gene OGT is
regulated in every sample. OGT encodes the O-linked N-acetylglucosamine (GlcNAc)
transferase, which, e.g., promotes the migration of the cancer cell line NSCLC (Non-
small-cell-lung-lancer) (Ge et al., 2021). Like the previous addressed migration genes it
still needs to be analyzed whether the GIcNAc transferase also has an effect on the

migration of LCs in the human skin.

The comparison of the regulated genes in the epidermis with the immune system genes
from Gene Ontology, the genes LGALS7 and PTN were regulated in every treated skin
model (£ HC). LGALS?7 encodes the protein galectin 7, which is produced by epidermal
keratinocytes and has an immunomodulatory effect on LCs (Umayahara et al., 2017).
Besides promoting cell migration (Lu et al., 2005), PTN has also been reported to play a
role in the immune system, e.g., by inducing the expression of inflammatory cytokines

(Achour et al., 2008).

In the dermis samples of the treated skin models (+ HC), two genes, ITGB6 and LAMP3,
were regulated, which matched with the immune system genes from Gene Ontology.

ITGB6 encodes the protein integrin subunit beta 6. It forms with the subunit av the
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integrin avp6, which activates TGF- (Koivisto et al., 2018). TGF-B regulates the
immune responses, while affecting the proliferation, differentiation, survival, and

migration of immune cells (Li et al., 2006). The lysosomal associated membrane protein

3 (LAMP3) is induced upon maturation of dendritic cells (de Saint-Vis et al., 1998).

Overall, these regulated genes of NiSOs-treated skin models compared to the controls
clearly show that an immune response occurred in the skin equivalent. Several typical
genes were regulated, which indicate the migration of LCs after sensitizer exposure.
Characteristic immune system and migration genes were also regulated in skin models
cultured with HC. This finding is contradicting the results of the CDla-
immunofluorescence staining of the frozen skin model sections (refer to Figure 27),
which only showed a clear migration of MUTZ-LCs in HC-free cultured Phenion® FT
skin models after NiSOs treatment. Hence, it could be the case that the MUTZ-LCs need
more time to start migrating, when the skin models were cultured with HC compared to
the culture without HC. Another possibility is that HC has a positive effect on the
robustness of the skin model architecture. As a result, the MUTZ-LCs might not be able
to actively migrate into the dermis, but still exhibit typical immune responses. These

hypotheses have to be tested with further experiments.

All in all, the first run of NGS analysis was successful, enabling a new method to analyze
experiments with Phenion® FT skin models. The sequencing has to be repeated with a
higher number of samples and skin model batches. In addition, further research has to be
performed to validate the regulated genes on protein basis, which are characteristic for

the immune system and migrated cells.
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The research on generating skin models with integrated MUTZ-LCs to characterize the
sensitization potential of chemicals has shown promising results, e.g., a successful
integration of MUTZ-LCs into the Phenion® FT skin model. These immunocompetent
skin models could provide valuable insights in the cosmetical and clinical research (e.g.,
dermatological, pharmaceutical), as they reflect the native skin architecture as well as
metabolism. Moreover, such a skin model would be the first method that addresses the
key event 1, 2 and 3 from the AOP which is a prerequisite to function as a stand-alone
method for the toxicological risk assessment (OECD TG 497, 2023). Apart from serving
as a prediction model to assess the prediction of the potential or potency of a chemical,
the applicability domain of the Phenion® FT skin models could be extended to test even
formulations (e.g., creams or ointments) due to its dry surface that closely resembles the
native barrier of the human skin. These reproducible skin models would serve as an
ethical alternative for animal tests, thus aligning with the 3Rs (Russel and Burch, 1959)
and growing demand for animal-free methods. Still, besides offering several advantages
and a higher complexity than 2D cell cultures, such immunocompetent skin models with
integrated MUTZ-LCs also have their limitations. One disadvantage is their limited
availability, as they can only be bought from specialized manufacturers. This also applies
to the epidermis models that are used for the TG 431/439 test guidelines (OECD,
2019/2021). Another aspect are the high costs of the 3D skin models which is significantly
higher than the costs of simpler 2D cell cultures due to complexity of the skin models and
high manual workload. Despite these economic disadvantages, the higher costs could be
justified if the predictivity of the skin model exceeds that of conventional methods. One
could also argue that the skin models do not express every structure that can be found in
the native skin, e.g., blood vessels or lymph nodes. However, the described
immunocompetent skin model is characterized by a high complexity and in vivo
relevance, which sets it apart from other available methods. Thus, further development of
this skin model into a predictive method would already present a significant advance in
ACD testing. A potential approach to increase the complexity by linking the skin model
to other organs could be the organ-on-a-chip technology. First promising results were
published by Tao et al. (2023) and Brandmair et al. (2024), showing that the Phenion®

FT skin model seems to be stable in a microfluid system (skin-liver-thyroid Chip 3 and
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skin-liver Chip 2 model) and had comparable chemical penetration to the native skin. It
has to be noted that it might also be possible to directly integrate additional components
into the skin model, but the effort and complexity would likely exceed the scientific and

economic benefit.

Overall, immunocompetent skin models with integrated MUTZ-LCs represent an
important step forward in dermatological, cosmetical and immunological research. This
shift from traditional 2D cell suspension to 3D culture enables a more in vivo like

environment.

After showing successful MUTZ-LC integration into the Phenion® FT skin models and
gaining first insights into the immunocompetence of the skin models in the present study,
several important points remain to be explored to further advance this field. One of them
is a comprehensive verification of the immunocompetence of the skin models. Moreover,
the robustness of the skin model production with integrated MUTZ-LCs needs to be
analyzed through numerous inter- and intra-laboratory experiments. The
immunocompetent skin models must match defined quality parameters and follow a
standardized generation process/protocol. Furthermore, read-out parameters have to be
identified in order to develop a new and OECD-accepted method to predict the
sensitization potential of chemicals. Additionally, once the read-out parameters have been
identified, a validation study with different chemicals needs to be performed to
characterize the performance data. The next crucial step to further improve the method
would be the incorporation of the sensitizer potency assessment. This would significantly

enhance its utility in chemical safety assessment and regulatory decision making.

Moving forward, one of the first steps is to scale up the experiments with a broader range
of sensitizers. While the initial sensitizer treatments show promising results, a more
comprehensive panel of sensitizers would be needed to establish the models” predictive
capacity across chemicals. After testing and verifying the reliability of the skin model to
identify the sensitization potential of the known proficiency chemicals (OECD TG 442E,
2023), new chemicals which are not yet categorized should be analyzed as the next step.

The results should then be verified with OECD-approved methods.
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For the analysis of the immunocompetence of the skin models several additional methods

could be taken into consideration:

To deepen the understanding of the molecular responses to the sensitizers treatment, NGS
should be incorporated in the validation process. Thus, potential read-out parameters
could be identified and their gene expression level be analyzed to assess the sensitization
potential. Moreover, it will also contribute to a more mechanistic understanding of the
immune response to sensitizers. However, there are also more cost-effective methods to
analyze gene expression level after identifying and aligning on a panel of read-out
parameters, e.g., polymerase chain reaction (PCR). In addition, it would be easier to use
the migration of MUTZ-LCs or the expression of specific proteins as read-out parameters

instead of the time-consuming gene expression analysis of skin models.

Another approach could be the expansion of the validation process to include an ELISA
in order to analyze the cytokine profile. This will further support the skin model’s
reliability and understanding. Cytokines play a central role in immune responses and their
secretion could provide valuable insights if the chemical treatment results in sensitizing

immune reactions.

Moreover, a successful differentiation of MUTZ-3 cells into MUTZ-LCs has been crucial
in generating immunocompetent skin models. Further analyzing the cellular reaction of
MUTZ-LCs upon sensitizer treatment in a controlled 2D environment, might provide a
more comprehensive understanding of their responses to sensitizers. This approach may
also lead to the discovery of more read-out parameters to characterize the sensitization
potential of a chemical, which could be leveraged as well for the Phenion® FT skin models

with integrated MUTZ-LCs.

Besides its importance in assessing new chemicals for risk assessment, the
immunocompetent skin model with integrated MUTZ-LCs also could also demonstrate
clinical relevance. For one, the model might further increase the understanding of immune
reactions in the skin, as it is more in vivo like than other OECD-accepted test methods.
Another advantage is the potential to enable personalized medicine for immune
dysfunctions of the skin, e.g., allergic contact dermatitis. When using patients-specific

cells, the immunocompetent skin model would ensure targeted therapies that address
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specifically the patient’s disease (e.g., biomarkers). This approach could lead to an
improved clinical outcome for the patients. However, the integration protocol of patient-
specific cells into the Phenion® FT skin model might differ to the established MUTZ-LC
integration protocol in the present study. These personalized immunocompetent Phenion®

FT skin models would also need to be validated first.

In conclusion, the continuous advancement of the immunocompetent skin model for
sensitization testing offers significant improvement for the field of chemical safety
assessment with animal-free methods. Moreover, the immunocompetent skin model
shows also potential for other research fields, e.g., personalized medicine. By addressing
the aspects mentioned above, the understanding and reliability of the so far established
immunocompetent Phenion® FT skin model would be enhanced. This comprehensive
approach will drive the development of alternative methods, or new approach
methodologies (NAMs), while ensuring the safety of chemicals and products for human

health.
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reduction and undefined medium supplements on differentiation” (Bottcher et al., 2024).
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II. Supplemental Figures

I1. Supplemental Figures

Supplemental Figure 1: CD207 expression in standard Phenion® Full-Thickness skin models with
integrated 5 % FCS-differentiated MUTZ-LCs.

Representative microscopic images of frozen sections of Phenion® Full-Thickness standard skin models
with integrated 5 % FCS-differentiated MUTZ-LCs. CD207 is depicted in green (FITC) and nuclei in blue
(DAPI). (A) Green, fluorescent signals in the lower part of dermis were false-positive ones, emitted by the
matrix (A). A magnification of an epidermal CD207-stained MUTZ-LC is depicted to illustrate the
morphological features, including the typical dendritic processes (B). Scale bar represents 100 um (A) and
20 pm (B).
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II. Supplemental Figures

Supplemental Figure 2: Effect of NiSO4 treatment and hydrocortisone (HC) on cell viability within
Standard Phenion® Full-Thickness skin models with or without integrated 5 % FCS-differentiated
MUTZ-LCs.

Representative microscopic images of frozen sections of standard skin models on ALI day twelve after
conducting a TUNEL assay. Apoptotic cells emitted a green fluorescence signal. A comparison of Phenion®
Full-Thickness standard skin models cultured with HC (C, E, G) and without HC (D, F, H) during ALI
culture. Skin models were integrated with 5 % FCS-differentiated MUTZ-LCs (A-H). Besides untreated
skin models (A,B), skin models were also treated for 20 h with PBS -vehicle control for NiSOs- (C, D) and
0.1mM NiSOs4 (E, F) as well as 0.5 mM NiSOs (G, H). In addition, cells were stained with PI. Green,
fluorescent signals in the lower part of dermis were false-positive ones, emitted by the matrix. Scale bars
represent 100 pm.
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Supplemental Figure 3: Screen plot explaining the variance of the data used for the Next Generation
Sequencing analysis (NGS).

Screen plot shows the percentage of variance of the data used for the NGS. The first two principal
components explain with ~94 % the majority of the variance.

166



III. Affidavit/Eidesstattliche Erklarung

II1. Affidavit/Eidesstattliche Erkliarung

I declare under oath that I have produced my thesis independently and without any undue
assistance by third parties under consideration of the ‘Principles for the Safeguarding of
Good Scientific Practice at Heinrich Heine University Diisseldorf'. The dissertation has
not been submitted in its present or similar form to any other faculty. [ have not previously

undertaken any unsuccessful or successful doctoral attempts.

Ich versichere an Eides Statt, dass die Dissertation von mir selbstdndig und ohne
unzuldssige fremde Hilfe unter Beachtung der ,,Grundsédtze zur Sicherung guter
wissenschaftlicher Praxis an der Heinrich-Heine-Universitdt Diisseldorf* erstellt worden
ist. Die Dissertation wurde in der vorgelegten oder in dhnlicher Form noch bei keiner
anderen Fakultdt eingereicht. Ich habe bisher keine erfolglosen und erfolgreichen

Promotionsversuche unternommen.

Date/Datum

Signature/Unterschrift

167



