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Zusammenfassung

Die sonnenbedingte Hautalterung, auch Photoalterung genannt, ist ein komplexer Prozess, der
trotz jahrzehntelanger Forschung immer noch nicht vollstandig verstanden ist. Da Hautalterung
mehr als nur ein kosmetisches Problem darstellt, sondern mit zahlreichen gesundheitlichen
Risiken verbunden ist, ist das Verstandnis der zugrundeliegenden Mechanismen essenziell. In den
letzten Jahren wurde deutlich, dass die dermalen Fibroblasten eine entscheidende Rolle spielen
und durch die Veranderung ihrer Umgebung zum Alterungsprozess beitragen.

Wir haben einen bisher unbeschriebenen Subtyp "alter" Fibroblasten identifiziert, der aus
sonnenexponierter Haut alterer Spender isoliert wurde. Dieser steht in Verbindung mit
chronischen Sonnenschéaden (solare Elastose) und zeichnet sich durch eine sehr spezifische myo-
chondrozyten-ahnliche Differenzierung aus. Um die Rolle dieser Fibroblasten fur die
Gewebemorphologie und -regeneration zu untersuchen, etablierten wir hochempfindliche
organotypische Kulturmodelle (Age-SEs). Mit diesen konnte bestatigt werden, dass die alten
Fibroblasten ein sehr spezifisches dermales Aquivalent bilden, das durch chondrozytenartige
Matrixproteine und eine hohe Anzahl von Myofibroblasten gekennzeichnet ist. Dartuber hinaus
wiesen die alten Fibroblasten ein deutliches Defizit bei der Unterstlitzung der epidermalen
Regeneration und Differenzierung auf, was zu einer beschleunigten epidermalen Atrophie fuhrte,
wahrend die gleichen Keratinozyten von jungen Fibroblasten gut unterstitzt wurden. Ein invasives
Wachstum der Keratinozyten wurde nicht beobachtet, was zeigt, dass diese alten Fibroblasten
nicht tumorférdernd sind.

Um die Rolle der Sonnenstrahlung fur die Entwicklung und Funktion der alten Fibroblasten zu
untersuchen, wurden Age-SEs einer chronischen Bestrahlung (1 MED, 3x/Woche fur 2 bis 4
Wochen) mit einem neu entwickelten Bestrahlungsgerat ausgesetzt, das es ermdglichte, die SEs
gleichzeitig entweder mit solarer UV-Strahlung (UVA+B) oder dem gesamten Sonnenspektrum
(UVA+UVB+VIS+IRA) zu bestrahlen. Die Bestrahlung bewirkte eine transkriptionelle
Herunterregulierung der Gene des Myofibroblasten-Typs in den alten Fibroblasten, verbunden mit
einer signifikanten Verringerung der Anzahl der a-SMA+-Zellen. Interessanterweise korrelierte
dieser Verlust mit einer Normalisierung des Gewebes und einer verbesserten epidermalen
Regeneration, was darauf hindeutet, dass nicht die alten Fibroblasten an sich, sondern die
Myofibroblasten die dermal-epidermale Interaktion stéren, die fur die epidermale Unterstitzung
erforderlich ist, und dass die UV-induzierte Dedifferenzierung diese Interaktion wiederherstellt.
Genexpressionsanalysen sprachen fur eine, wenn auch indirekte, Rolle der Strahlung auch fur den
chondrozyten-ahnlichen Phanotyp und die Induktion der Knorpelmatrix, allerdings wahrscheinlich
durch eine indirekte Regulierung. Daher schlagen wir vor, dass die chondrogene
Transdifferenzierung ein sich schrittweise entwickelnder Prozess ist, der erst durch langfristige,
wiederholte Sonnenexposition und Gewebeschadigung entsteht.

In Age-SEs mit transformierten, (pra-)malignen Keratinozyten zeigte sich, dass die chronische
Bestrahlung mit niedriger Dosis kein invasives Wachstum dieser Keratinozyten ausloste oder
verstarkte. Zusammengenommen deuten diese Daten darauf hin, dass neben dem bekannten
schadlichen Potenzial GUbermaRiger Sonnenexposition niedrig dosierte UV- oder Sonnenstrahlung
sogar vorteilhaft sein und zu einer normalen Hautfunktion beitragen kann, insbesondere bei
photogealterter Haut, ohne dabei die Tumorentstehung zu fordern.
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Daruber hinaus zeigte die vergleichende Genexpressionsanalyse von Fibroblasten, die aus
bestrahlten Age-SEs isoliert wurden, ein sehr unterschiedliches Reaktionsprofil der jungen und
alten Fibroblasten. Dies deutet darauf hin, dass die Reaktion auf Strahlung weitgehend vom Status
der Fibroblasten abhangt und dementsprechend auch in der Haut in situ variieren kann. Aullerdem
konnten wir zum ersten Mal zeigen, dass das solare UV-Spektrum allein andere Genregulationen
auslost als das kombinierte Sonnenspektrum. Diese vergleichenden Studien koénnten daher
moglicherweise neue Erkenntnisse darlber liefern, wie sich die Sonnenexposition im Alltag
tatsachlich auf die humane Haut auswirkt, und damit zu einer besseren Grundlage fur kunftige
Risikobewertungen und Empfehlungen fur die offentliche Gesundheit beitragen.
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Summary

Sun-induced skin aging, or photoaging, is a complex process that, despite decades of research,
is still not fully understood. As skin aging is more than just a cosmetic problem but associated with
numerous health risks, it is important to elucidate the underlying mechanisms. In recent years, it
became evident that the dermal fibroblasts play a decisive role and interest increased in how they
modulate their environment during aging.

We recently identified a yet undescribed subtype of “old” fibroblasts isolated from sun-exposed
skin of elderly donors that was connected to sites of chronic sun damage (solar elastosis) and
characterized by a very specific myo-chondrocyte-type differentiation. To address their role for
tissue morphology and regeneration, we established highly sensitive organotypic culture models
(Age-SEs). With these it could be confirmed that the old fibroblasts develop a very specific dermal
equivalent, characterized by chondrocyte-type matrix proteins and a high number of
myofibroblasts. Moreover, the old fibroblasts exhibited a severe deficit in supporting epidermal
regeneration and differentiation, leading to accelerated epidermal atrophy, whereas the same
keratinocytes were well supported by young fibroblasts. Invasive growth of the keratinocytes was
not observed, demonstrating that these old fibroblasts are not tumor-promoting.

To investigate the role of solar radiation for the development and function of the old fibroblasts,
Age-SEs were exposed to chronic irradiation (1 MED, 3x/week for 2 to 4 weeks) with a newly
developed radiation device, allowing to simultaneously irradiate the SEs with either solar UV
radiation (UVA+B) or the entire solar spectrum (UVA+UVB+VIS+IRA). lIrradiation caused
transcriptional downregulation of the myofibroblast-type genes in the old fibroblasts, associated
with a significant reduction in the number of a-SMA+ cells. Intriguingly, this loss correlated with
tissue normalization and improved epidermal regeneration, suggesting that not the old fibroblasts
per se but the myofibroblasts interfere with the dermal-epidermal interaction required for proper
epidermal support and UV-induced dedifferentiation restored this interaction. Gene expression
analyses argued for a role of radiation also for the chondrocyte-like phenotype and the induction
of the cartilage matrix, though likely through indirect regulation. Thus, we propose that the
chondrogenic transdifferentiation is a gradually developing process that emerges with long-term
recurrent sun exposure and tissue damage.

Complementing Age-SEs with transformed, (pre-)malignant keratinocytes demonstrated that the
low dose chronic irradiation did not provoke or increase invasion of these keratinocytes. Together,
these data suggests that besides the well-established damaging potential of excessive sun
exposure, low dose UV or solar radiation might even be beneficial and contribute to normal skin
function, particularly in photoaged skin, without necessarily promoting tumorigenesis.

Besides that, the comparative gene expression analysis from fibroblasts isolated from irradiated
Age-SEs, demonstrated a highly different response profile of young and old fibroblasts. This
implies that the response to radiation is largely dependent on the status of the fibroblasts and may
vary accordingly also in the skin in situ. Even more so and shown for the first time, the solar UV
spectrum alone triggers different regulatory responses than the combined solar spectrum. Our
comparative studies could therefore offer new insights into how sun exposure affects the skin in
everyday life, providing a better basis for future risk assessments and public health
recommendations.
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INTRODUCTION 1

1 Introduction

1.1 Human Skin

The skin is the largest organ of the human body, providing both protection from and sensory
perception of our external environment. It helps regulate body temperature and loss of water and
forms a protective barrier against mechanical insults, hazardous substances, microbial invasion,
and radiation. Its complex tissue organization, with different compartments and layers (Fig. 1) that

interact and communicate with each other, make it possible to fulfill all these varied tasks.
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Figure 1: Anatomy of human skin
With permission from the National Cancer Institute © (2021) Terese Winslow LLC, U.S. Govt. has certain
rights

1.1.1  The Epidermis

The outermost part of the skin is the epidermis, a stratified squamous epithelium that is in a
constant process of regeneration and arranged in four layers: the basal layer (stratum basale), the
spinous layer (stratum spinosum), the granular layer (stratum granulosum), and the cornified layer
(stratum corneum), which are depicted in Figure 2 (Urmacher 1990). The epidermis contains
different cell types, including melanocytes (pigment-producing cell) and Langerhans cells (skin

specific immune cells), but the most abundant cell type in the epidermis is the keratinocyte, that
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make up for more than 90% of epidermal cell mass (Eckert and Rorke 1989). All keratinocytes
originate from epidermal stem cells residing in the basal layer. Stem cells give rise to transit
amplifying cells that undergo a few rounds of cell division before they switch to terminal
differentiation (Watt 2002). During this process they move upwards, from the basal layer to the
cornified layer, expressing distinct proteins at each differentiation stage. On their way to the
surface, they change morphology, initiate the accumulation of keratin filaments (keratinization)
and finally lose their nuclei and cytoplasmic organelles and become terminally differentiated
corneocytes. In corneocytes the plasma membrane is replaced by a cornified envelope, a protein
shell, including loricrin, involucrin, and filaggrin. These flattened dead cells form the stratum
corneum and are eventually shed from the skin’s surface during desquamation. The estimated
epidermal turnover time, i.e. the time it takes for the epidermis to renew itself from generating
keratinocytes at the basal layer until they are sloughed off as corneocytes, is about one month
(Houben, De Paepe, and Rogiers 2007). This renewal slows down with age (Grove and Kligman
1983).

The stratum corneum (SC) is the primary source of the skin’s barrier function and it is based on
two structural components: the corneocytes and the intercellular lipids. In 1983 Elias proposed
the “brick and mortar model” (Elias 1983), according to which the SC is composed of cells (bricks)
surrounded by a lipid matrix (mortar), mainly composed of ceramides, free fatty acids, and
cholesterols (Pouillot et al. 2008). Adhesion between corneocytes is mediated by
corneodesmosomes, which are cleaved eventually to allow desquamation. The structure of the
SC, especially the lipid content, provides a permeability barrier that prevents dehydration by
controlling water loss to the external environment (Ananthapadmanabhan, Mukherjee, and
Chandar 2013; Norlen et al. 1998).
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Figure 2: Schematic structure of the epidermis

Epidermal keratinocytes undergo different stages of differentiation from the mitotically active basal layer to
the cornified stratum corneum. Shown in the inset are terminally differentiated corneocytes, that are to a
large extent composed of keratin filaments and a cornified envelope. Encased in lipid bilayers, they provide
the skin barrier. Taken from (Segre 2006).

1.1.2 The Basement Membrane

The epidermis is connected to the underlying dermis by a complex and specialized network of
extracellular matrix (ECM) molecules, the dermal-epidermal junction (DEJ) or basement
membrane (BM) zone (Fig.3). This zone displays a distinctive microarchitecture characterized by
an undulating pattern created by epidermal extensions, the so-called rete ridges, increasing the
surface area of the DEJ (Roig-Rosello and Rousselle 2020). The BM provides adhesion and
resistance to shearing forces, serves as a diffusion barrier, but also allows for dermal-epidermal
crosstalk. Mutation in BM-associated genes usually lead to severe or lethal blistering diseases
(Aumailley et al. 2006). Ultrastructurally, the BM can be subdivided in two layers: the lamina lucida,
made up of mainly laminins and integrins, and the /lamina densa, consisting of a collagen type IV
and VIl network. The keratinocytes are attached to the BM by special multiprotein structures, the
hemidesmosomes, and the underlying dermal tissue is tethered to the BM by the anchoring fibrils
of collagen type VII that are connected to other collagen fibrils (including collagen type | and IIl)

(Paulsson 1992; Breitkreutz et al. 2013).
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Figure 3: Detailed view of the basement membrane zone at the dermal-epidermal junction

The dermal-epidermal junction is a specialized structure which binds epidermis to dermis. The major
components are illustrated in the Figure. The lamina lucida is traversed by filaments connecting the basal
cells with the lamina densa, from which anchoring fibrils (collagen type VII) extend into the papillary dermis
and reach the dermal fibrillar collagen meshwork (collagen type | and lll). Taken from:
https://plasticsurgerykey.com/microanatomy-of-the-skin

1.1.3  The Dermis

The dermis is the second layer of the skin and comprises mainly a dense connective tissue giving
the skin its tensile strength and elastic properties. It is divided into two layers: the more superficial
and thinner papillary dermis, which is connected to the BM, composed of loose connective tissue
and highly vascularized, and the thicker underlying reticular dermis with dense irregular
connective tissue. A schematic overview of the cellular and extracellular components of the dermis

is given in Figure 4.

The main resident cell type of the dermis is the dermal fibroblast. Fibroblasts are essential for the
function of the dermis as they produce, regulate, and maintain the dermal ECM and communicate
with each other and other cell types, particularly the epidermal keratinocytes, thus also influencing
processes in the epidermis. Fibroblasts play a crucial role in skin aging and cutaneous wound
repair (Thulabandu, Chen, and Atit 2018; Darby et al. 2014; Tigges et al. 2014).

In the past decades, it has become more and more obvious that the dermal ECM is more than just
an inactive substance providing structural support, but that the distinct network of components
also plays a crucial role for the physiological function of the skin. The ECM consists of collagen,
elastic fibers, glycosaminoglycans such as hyaluronic acid, proteoglycans, and glycoproteins. The

major constituent is a network of collagen fibers, accounting for 90 % of the dry weight of skin,
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where collagen type | (Coll) and collagen type Ill (Collll) are the predominant structural

components (Uitto 19806) .

Collagen is the single most abundant protein in the animal kingdom and since the discovery of the
molecular structure of the first collagen in the 1930s the collagen superfamily grew to 28 members
as of today (Ricard-Blum 2011). Collagen molecules are composed of three amino acid chains
that are connected in a triple helix. Collagen precursor molecules (procollagen) are synthesized
and secreted by dermal fibroblasts. They undergo several post-translational modifications and are
ultimately arranged in fibers (fibrillar collagens e.g. Coll) or in sheets or networks (non-fibrillar
collagens e.g. CollV). Cells as well as other components of the ECM like proteoglycans and

glycoproteins are able to bind to collagen molecules.

The dermis also contains other structures such as blood vessels, hair follicles, sebaceous glands,
sweat glands and nerve endings, that are crucial for providing the skin with nutrients, immune
response, lubricants (sebum), pH and temperature regulation and sensory stimuli like touch,

pressure or pain, maintaining a healthy organ.

The underlying subcutaneous tissue, also named subcutis or hypodermis, mainly consists of fat

and provides nutrient supply for the other layers, cushions and insulates the body.
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Figure 4: Schematic overview of cellular and extracellular components of the (young) dermis

The dermal fibroblasts are mainly responsible for synthesizing the ECM that is composed of collagens,
elastic fibers and glycosaminoglycans. The predominant structural collagens (I and Ill) are particularly
abundant in the papillary and deep reticular dermis. The elastic fiber system has a characteristic architecture
with perpendicular oriented fibrillin microfibrils in the papillary dermis that merge with the elastin-rich elastic
fibers in the reticular dermis. The skin hydration is provided by glycosaminoglycans, such as hyaluronic acid,
which are distributed throughout the dermis. Taken from (Naylor, Watson, and Sherratt 2011).
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1.2 Skin Aging

Aging is a complex biological process affecting all organs. Being the outmost organ of the body,
the skin is exposed to numerous environmental factors that affect structure and function of the
skin and influence the aging process. Skin aging is also the most visible form of the passing of
years, playing an important role in our perception of health and youth. This process can be
classified in two categories: intrinsic and extrinsic aging, which will be described in the following

chapter.

1.21 Intrinsic and Extrinsic Skin Aging

Intrinsic or chronological aging is the inevitable process that naturally occurs over time and is
largely determined by genetics. Gene mutations and changes in cell metabolism as well as
hormonal balance (for example decline of estrogens and progesterone associated with
menopause in women) are intrinsic aging factors (Makrantonaki and Zouboulis 2007).
Characteristic clinical manifestations of intrinsically aged skin are for example fine wrinkles,
dryness, and laxity. Histological features include flattening of the dermal-epidermal junction, i.e.
the loss of rete ridge structures, and with that reduction of the contact area between epidermis
and dermis (Moragas, Castells, and Sans 1993), resulting in less resistance to shearing forces,

and a gradual dermal atrophy (Smith 1989; Lavker, Zheng, and Dong 1986).

Extrinsic skin aging comprises changes that are superimposed to intrinsic skin aging as a result
of environmental influences. Factors driving this process are to varying degree controllable and
include exposure to air pollution, smoking, nutrition, or lifestyle habits. But the most important
factor is the lifelong cumulative exposure to solar ultraviolet (UV) radiation, thus it is usually
referred to as photoaging (Farage et al. 2008). Consequently, extrinsically aged skin appears on
normally sun-exposed parts of the body such as face, décolleté, forearm, or the back of the hands.
The typical clinical picture of photoaged skin is defined by coarse wrinkles, a rough and uneven
texture, mottled pigmentation and emergence of solar lentigines (age spots), telangiectasis
(dilated or broken capillaries), laxity and loss of elasticity (Takema et al. 1994). In contrast to
intrinsically aged skin, which shows a rather atrophic phenotype, extrinsic aging is often correlated
with thickening of almost all layers of the skin, although for epidermal thickening controversial
results are described (Berneburg, Plettenberg, and Krutmann 2000; Hughes et al. 2011; Yaar and
Gilchrest 2001). Furthermore, this is accompanied by reduced proliferative capacity of the

keratinocytes and aberrant epidermal differentiation (Yaar and Gilchrest 2001). Even more than
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in intrinsically aged skin, the DEJ appears flattened and is further destabilized by a reduction in

collagen type VII, the main component of the anchoring fibrils (Craven et al. 1997).

The photoaging process affects all parts of the skin, however, the most significant changes are
found in the dermis, primarily in the dermal ECM. Many matrix components are very long-lived
molecules and as such are predisposed to accumulate damage and modifications. For example,
the half-life of fibrillar collagen is 15 to 95 years, elastin even persists for the whole life of the
organism (Naylor, Watson, and Sherratt 2011). The most prominent histological feature of
photoaged skin is an abnormal aggregation of amorphous elastin material, a condition termed
solar elastosis (Kligman 1969; Gilchrest 1989). In these areas, the dermal collagens are found to
be degraded (Bernstein and Uitto 1996). This dermal ECM disruption, especially the degradation
of collagen fibrils, is a hallmark of photoaging and believed to be one of the main causes for the

aged phenotype, such as the appearance of wrinkles.

1.2.2  Mechanisms of Extrinsic Skin Aging

The clinical and histological manifestations of the aging skin reflect the underlying changes in the
cells and tissue. Dermal fibroblasts are long-lived cells that rarely proliferate. Thus, different from
the keratinocytes that can eliminate damage through constant shedding and renewal, they
accumulate damage and (mal)adaptations over time. As the fibroblasts are mainly responsible for
the production of ECM components and ECM remodeling and also provide growth factors that
support epidermal maintenance and differentiation, age-dependent changes in the fibroblasts

consequently lead to alterations in the epidermis.

One of the most prominent alterations in photoaged skin is the degradation of the dermal matrix.
Matrix metalloproteinases (MMPs), a group of zinc-containing endopeptidases are primarily
responsible for this. There are at least 23 known MMPs and they can be categorized into five main
subgroups: Collagenases (e.g. MMP-1); gelatinases (e.g. MMP-9); stromelysins (e.g. MMP-3);
matrilysins and membrane-type MMPs (Visse and Nagase 2003; Pittayapruek et al. 2016). MMP-
1 is the major protease in skin and is responsible for initiating cleavage of type | and type IlI
collagen and therefore particularly important for degradation of the ECM. The regulation of these
enzymes happens at different levels and their activity can be inhibited by tissue inhibitors of matrix

metalloproteinases (TIMPs), especially TIMP-1 and TIMP-2 (Nagase, Visse, and Murphy 2006).

Both fibroblasts and keratinocytes can secrete MMPs in response to external stimuli like UV
radiation. It has been shown that UV regulates MMP expression by inducing the generation of

excess intracellular reactive oxygen species (ROS), a major factor in the skin aging process
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(mechanisms are summarized in Fig.5). ROS in its turn activates mitogen-activated protein
kinases (MAPKSs) and nuclear factor-kappa B (NF-kB) leading to it transcriptionally regulating the
increased synthesis of MMPs (Shin et al. 2019; Kohl et al. 2011). Previous studies have
demonstrated that elevated levels of many MMPs (MMP-1, MMP-2, MMP-3, MMP-9, MMP-10,
MMP-11, MMP-13, MMP-17, MMP-26, and MMP-27) can be found in aged human skin (Quan et
al. 2013; Qin, Balimunkwe, and Quan 2017). Specifically, MMP-1, 2, 3 and 9 were shown to be
upregulated by UV exposure (Quan et al. 2009; Dong et al. 2008; Brenneisen, Sies, and
Scharffetter-Kochanek 2002) causing a cumulative degradation of existing collagen by repeated

sun exposure.

In addition, it has been shown that the synthesis of new collagen fibers is reduced in
photodamaged skin. Here the ROS mediated activation of the MAPK pathway which upregulates
the transcription factor activator protein 1 (AP-1) and in turn inhibiting transforming growth factor
beta (TGF-B) signaling in the dermal fibroblasts, is of importance. TGF-B is a major regulator of
ECM biosynthesis and impaired TGF-i signaling downregulates procollagen synthesis, leading to
a decreased net collagen content in aged skin (Fisher et al. 1996; Shin et al. 2019).
Downregulation of TGF-R signaling appears to be a crucial event in skin aging. This molecular
regulator mediates its cellular action via the Smad transcription factors. TGF-R/Smad signaling
has been implicated in being the regulatory path for 265 known ECM and ECM-related genes
(Verrecchia, Chu, and Mauviel 2001). This is why it is seen as the primary regulator of ECM

homeostasis, controlling for example collagen synthesis, MMP and TIMP expression.

A consequence of the reduced synthesis and fragmentation of collagen is the loss of adhesion
sites between fibroblasts and intact collagen fibers. The mechanical tension that is created
through this adhesion is vitally important for the fibroblasts to maintain their normal elongated
shape and normal function and a loss of it was shown to lead to the formation of ROS and
subsequently an induction of MMPs (Fisher et al. 2009; Qin, Balimunkwe, and Quan 2017). In
addition, the reduced fibroblast spreading and defective mechanical stimulation downregulates
TGF-B signaling, leading to an inhibition of de novo collagen synthesis, again reducing adhesion

sites (Fisher et al. 2016). Together this results in a self-perpetuating cycle that accelerates dermal

aging.
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Figure 5: Schematic overview of
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In addition to its direct and indirect effects on the ECM turnover, TGF-R1 is also known to induce
the differentiation of fibroblasts to myofibroblasts. The transition to myofibroblasts, a cell type with
contractile properties, characterized by the expression of a-smooth muscle actin (a-SMA),
requires TGF-B signaling in conjunction with a certain stiffness or mechanical tension of the ECM
(Hinz et al. 2007). The transdifferentiation is usually activated in the wound healing process where
myofibroblasts are responsible for tissue remodeling, wound closure, and scar formation
(Tomasek et al. 2002; Hinz et al. 2012). While the controlled and transient activation of these cells
is important to restore tissue integrity, their excessive persistence is associated with tissue fibrosis
(Gabbiani 2003). Age-related deficits in TGF-R1 signal transduction have been suggested as a

cause for wound healing defects in elderly people (Mogford et al. 2002).

In previous work from our group (Gundermann 2012), a TGF-8 dependent transdifferentiation of
fibroblasts was proposed as a model for photoaging. The in situ aged fibroblasts did show a “myo-
chondro-fibroblastic” phenotype characterized by upregulation of genes that are typical

components of cartilaginous ECM such as Aggrecan (ACAN), Hyaluronan and Proteoglycan Link
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Protein (HAPLN1) and Collagen type XI (COL11A). The presence of these ECM components was

also confirmed for skin in situ of old donors with sun damage (solar elastosis).

It has been described that in culture, human cells have a limited proliferative capacity before they
withdraw from the cell cycle and enter the state of cellular senescence (Hayflick and Moorhead
1961). A potential reason for that is the “end replication problem” leading to a shortening of the
chromosome ends, the telomeres, with every round of replication (Olovnikov 1973). Critical
telomere shortening and other endogenous and exogenous stressors can drive cells into
senescence and the resulting accumulation of senescent and functionally impaired fibroblasts
would then drive the skin aging process (Campisi 2005). Senescence is coupled to multiple
phenotypic changes, among these changes is the release of numerous biologically active
molecules termed the senescence-associated secretory phenotype (SASP). The SASP can
mediate and in part explain some of the pro-aging effects of senescent cells (Gorgoulis et al. 2019;
Campisi et al. 2011). Factors secreted by senescent cells have been shown to disrupt normal
tissue structure and function (Parrinello et al. 2005; Funk et al. 2000) and promote the growth of
nearby premalignant cells in vitro and in vivo (Dilley, Bowden, and Chen 2003; Krtolica et al. 2001).
However, senescence is not synonymous with aging and the exact mechanisms and the
contribution of cellular senescence to the aging phenotype in vivo is still a matter of ongoing

debates.

Although fibroblasts have been a model in aging research for decades there are still a lot of gaps
in our knowledge about how aging affects these cells within the tissue and how in turn the aged
fibroblasts influence their surroundings. We therefore proposed the establishment and use of a
three-dimensional co-culture model based on primary in situ aged cells, which would help to
overcome some of the limitations of standard cell culture, as it more closely resembles the

physiological environment of the fibroblasts.

1.3 Solar Radiation and its Role in Skin Aging and Tissue Damage

Apart from the eyes, skin is the only organ directly exposed to solar radiation. The solar spectrum,
depicted in Fig. 6, comprises different wavelengths, each having different and in part overlapping
effects. The spectrum ranges from short wavelength, high energy, ultraviolet (UV) radiation to
visible light (VIS) and to long wavelength, low energy, infrared (IR) radiation. About 2-5 % of solar
radiation reaching the Earth’s surface is UV, 47 % is VIS, and 51 % is IR (Passeron et al. 2020).
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Figure 6: The solar spectrum

The solar spectrum is composed of various wavelengths, ranging from UV (shorter wavelength) to IR (longer
wavelength) as depicted in the Figure. UV = ultraviolet radiation, IR = infrared. Taken from (Passeron et al.
2020)

For a long time, research focused on the UV fraction of the solar spectrum, UVB (280-315 nm)
and, to a lesser extent, UVA (315-400 nm). Besides some known beneficial influences of UV light
on the skin such as activation of Vitamin D synthesis and the improvement of several skin
conditions, like psoriasis, atopic dermatitis, vitiligo and localized scleroderma through
phototherapy (Juzeniene and Moan 2012), the adverse effects range from acute impacts
(erythema, inflammation, “sunburn”) to chronic consequences (photoaging, DNA damage,

immunosuppression, and ultimately skin cancer).

Photoaging
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Figure 7: Penetration of solar radiation into the human
skin

Solar radiation is composed of various wavelengths,
which penetrate into skin at different levels. The longer
the wavelength the deeper the rays penetrate the skin.
Whereas UVB is mainly absorbed in the epidermis, UVA,
VIS and IRA reach the dermis and directly affect the
dermal fibroblasts. Taken from (Krutmann et al. 2017)
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UVB with its shorter wavelength mostly affects the epidermis, whereas the longer wavelength rays
of UVA, VIS and IR are able to penetrate deeply into the dermis, which is shown in Fig. 7 (Krutmann
et al. 2017). The energy of UVB rays is directly absorbed by DNA, giving rise to base changes
that lead to the formation of the typical bulky DNA lesions cyclobutane pyrimidine dimers (CPDs)
and pyrimidine-pyrimidone (6-4) photoproducts (6-4PPs) (Cadet et al. 2012). These C—T
substitutions at dipyrimidine sites, (including CC—TT double base changes) are solely induced by
UV and have therefore been termed “UV signature mutations” (Brash 2015). In response to UV
damage, affected keratinocytes activate DNA damage response pathways to maintain genomic
integrity. If damage exceeds a threshold, keratinocytes usually will go into apoptosis and die.
These apoptotic keratinocytes can be identified by their pyknotic nuclei and are termed “sunburn
cells” (Young 1987; Bayerl et al. 1995). When DNA damage is left unrepaired and cells are not
eliminated by apoptosis, DNA mutations can activate oncogenes or inactivate tumor suppressor
genes, resulting in survival and proliferation of keratinocytes that harbor these damages and
ultimately lead to skin cancer (Cadet and Douki 2018). UV exposure can also induce proliferation
and differentiation of keratinocytes resulting in hyperplasia, hence increased epidermal thickness,
which is thought to be a protective mechanism against further cutaneous damage (Scott et al.
2012).

On the dermal level, UV irradiation induces expression of several members of the MMP family,
which degrade collagen and other extracellular matrix proteins, damaging the dermal architecture,
a hallmark of photoaging (Quan et al. 2009). The contribution of UVA to the genotoxic and
carcinogenic properties of UV light is not as well understood as for UVB. UVA exerts its damaging
effects in a more indirect way, mainly via the generation of ROS, subsequently inducing a variety
of oxidatively generated DNA lesions such as single strand breaks and oxidized bases, the most
frequent being 8-oxo-7,8-dihydroguanine (8-oxoG) (Cadet and Douki 2018). CPDs have also
been found in human skin exposed to UVA, but the mechanism seems to be another one than that
triggered by UVB (Mouret et al. 2006). UVA was also shown to promote the degradation of

collagen in the dermis and induce inflammatory responses (Wang et al. 2019).

Wavelengths beyond UV have long been thought to have no adverse effects on the skin but today
we know that this assumption is not correct. A recent in vivo study reported that all spectral regions
— UV, VIS and IR — cause the formation of free radicals and thus could promote premature skin
aging (Albrecht et al. 2019). Near infrared (IRA, 750-1400 nm) was also shown to modulate the
dermal ECM by upregulating MMP-1, the dominant collagen-degrading enzyme (Schieke et al.
2002), and downregulating de novo collagen synthesis (Buechner et al. 2008). This demonstrates
that IRA can have similar consequences as UV in this aspect of premature aging, although the

underlying mechanisms differ, in that the IRA response involves the mitochondrial electron
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transport chain (Krutmann and Schroeder 2009). Besides its role in photoaging, IRA is suggested
to also add to the carcinogenic potential of sun exposure by interfering with apoptotic pathways
(Jantschitsch et al. 2009). Also VIS (400-750 nm) was demonstrated to induce epidermal ROS,
leading to the release of proinflammatory cytokines and increased MMP-1 production in human

epidermal skin equivalents (Liebel et al. 2012).

Although many molecular and cellular consequences of exposure to specific wavelengths or
spectral fractions could be defined, there is still a gap of knowledge about the action of the
combined solar spectrum. Only a limited number of studies recently investigated the combination
of spectra (Narla et al. 2020; Tyrrell and Reeve 2006; Hudson et al. 2020). Considering that in
most situations of everyday life, humans are exposed to the entire spectrum of natural sunlight, to
really understand what sunlight is doing to our skin it is vitally important to study the combined and
simultaneous exposure to UVA and UVB (solar UV radiation, here referred to as “UVA+B”) and
even more important to UVA + UVB + IRA + VIS (combined solar spectrum, here referred to as
“SUN”") to define the action profile of these combinations. These studies are needed to explore if
the combination of different wavelengths leads to synergistic or, on the opposite, antagonistic or

even new effects on the skin.

To provide the conditions for these kinds of studies, we have designed a lamp in our consortium
that allows for simultaneous irradiation of cells and tissue with either individual wavelengths or the
entire solar spectrum simultaneously in a highly controlled manner. With this lamp we aim at
comparing the consequences of irradiation at a physiologically relevant dose (1 MED = minimal

erythema dose), imitating the actual terrestrial sun exposure of human skin in vivo.

1.4 Skin Cancer — an Overview

One of the deleterious consequences of excessive sun exposure is the increased chance to
develop skin cancer. There is strong evidence from epidemiological and molecular data linking

skin cancer to UV exposure.

Skin cancer is the most frequent type of cancer worldwide and is divided in two main groups:
melanoma and non-melanoma skin cancers (NMSC). Melanoma arises from the melanocytes and
accounted for about 22 % of skin cancer diagnosis in 2018 (Bray et al. 2018). This leaves 78 %
of the skin cancers diagnosed to be NMSCs where the most common forms in that group are
basal cell carcinoma (BCC) and cutaneous squamous cell carcinoma (cSCC) that originate from
epidermal keratinocytes. In 2020 NMSC was the fifth most commonly occurring cancer worldwide

with almost 2 million cases, which is likely to be an underestimate due to poor diagnosis and
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recording in many countries and therefore needs to be interpreted with caution. In Germany
NMSC was the leading type of cancer with an incidence of more than 90.000 cases in 2020 (Sung
et al. 2021). Skin cancer rates have been increasing in the last years and numbers are projected
to increase in the coming decades where NMSCs represent a major public health concern. Within
the scope of this work, we have therefore based parts of our studies on NMSCs and the

connection to photoaging.

The causal link between UV radiation and skin cancer was established in the 1990s when UV
signature mutations, described in the previous chapter, were found in the p53 tumor suppressor
gene in cSCCs and BCCs. Mutations in the p53 gene are a common and probably the best studied
aberration found in > 50 % of NMSCs (Brash et al. 1991; Giglia-Mari and Sarasin 2003; Pickering
etal. 2014). Infact, itis estimated that 65 % of melanoma cases and 90 % of NMSCs are causally
connected to UV radiation ('lARC monographs on the evaluation of carcinogenic risks to humans.
Solar and ultraviolet radiation' 1992). This correlation is emphasized by the higher incidence in
people who live in sunny areas or at high altitude and have fair skin and the majority of tumors
arising on sun-exposed parts of the body. While BCCs seem to be correlated with intermittent UV
exposure and severe sunburn in childhood and adolescence, cSCCs are more related to
cumulative chronic exposure (Boukamp 2005; Rosso et al. 1996). As a logical consequence, the
chance of developing NMSC, especially cSCC, increases with age. BCCs and SCCs typically
appear after the age of 55 and are therefore seen as a disease of older age (Ciazynska et al.
2021).

UV radiation causes genetic and epigenetic changes not only in keratinocytes, but also in the
fibroblasts, thereby altering their expression profile. This can activate the production of proteases
like MMPs that are needed for the degradation of the ECM and disruption of basement membranes
to allow tumor invasion. Therefore, proteolytic remodeling of the ECM has been recognized as an
important event in cancer progression. Fibroblasts also secrete soluble factors like growth factors
and cytokines that in turn can promote keratinocyte growth and invasion (Nissinen et al. 2016;
Kerkela and Saarialho-Kere 2003).It has been described that while healthy tissue can to some
degree suppress tumor development, disturbances of normal tissue homeostasis (like
environmental stress) can result in a more tumor-permissive microenvironment which was shown
to be required to promote premalignant lesions (Bissell and Hines 2011). Therefore, it needs to be
addressed if and how changes in the skin’s architecture and microenvironment that come along

with aging play a role in carcinogenesis.
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1.5 Invitro Skin Models to Study Skin Aging

When studying aging of the human skin, animal models, in particular mouse models as the typically
used laboratory animal, are of limited value. Not only are they subject of increasing ethical
concerns, but the architecture of mouse skin differs fundamentally from human skin. The
differences between human and mouse range from the obvious unlike hair follicle density to a
differential expression of skin-related genes (Gerber et al. 2014). This explains in part why results

generated in mouse models often fail to translate into the human.

Many cellular processes can be studied in a conventional two-dimensional (2D) cell culture, which
is a simple and cost-effective approach, but it also comes with limitations as it does neglect the
complex multilayered structure of skin and the extra-cellular microenvironment and therefore the

cell-cell and cell-matrix interactions that play a crucial role in skin health and disease.

Three-dimensional (3D) organotypic cultures (OTCs) of skin, or skin equivalents (SEs), provide a
model system that allows coculture of different skin cells in a 3D matrix, mimicking key features of
human skin architecture and function. With that they can help to close the gap between 2D and
animal models and are currently considered the best alternative tool to study human skin aging
(Nakamura et al. 2018). They also have a wide field of application from basic research to modeling

of diseases, toxicological assessment, and regenerative medicine.

Pioneering work in the area of reconstructing human skin was done by Bell et al. in 1981 by
seeding keratinocytes on top of collagen gels that contained dermal fibroblasts (Bell et al. 1981).
Today a broad range of human skin models has been published, additionally to the collagen-based
SEs, which are based on different dermal equivalent (DE) formats, such as the de-epidermized
dermis approach (Regnier et al. 1988), scaffold-enforced DEs (Stark et al. 2004), and fibroblast-
derived matrix DEs (Ahlfors and Billiar 2007; El Ghalbzouri et al. 2009; Berning et al. 2015). Also
several SEs are now commercially available for different applications (EpiDerm™ FT (Kubilus et al.
2004), Phenion™ FT (Mewes et al. 2007), T-Skin™ (Bataillon et al. 2019)). Although more complex
to produce than only epidermal models, SEs were essential to study for example the dermal-
epidermal crosstalk, the penetration of drugs, wound healing and particularly aging and the effects
of solar radiation (Bernerd and Asselineau 2008; Meloni, Farina, and de Servi 2010; Kuchler et al.
2010).

Despite the range of SEs that are available, there are still very few models for skin aging that
reliably reproduce the characteristics of “aged skin” in vivo. The model developed in this study is
based on previous work by Sabrina Gundermann (Gundermann 2012) in the laboratory of Prof.
Boukamp, where SEs were generated with young and old fibroblasts aged in situ. These aged skin

models were now developed further, and instead of using a scaffold to build the DE, it is self-
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assembled by the fibroblasts that produce and secrete the components of the dermal ECM
(fibroblast-derived matrix DE = fdmDE). The fdmDEs built by young or old primary fibroblasts that
are complemented with human keratinocytes were termed Age-SEs. Fdm-based SEs closely
resemble the dermal microenvironment in vivo (histological comparison in Fig. 8) and were shown
to support epidermal differentiation and regeneration over long culture periods (up to 24 weeks)
(Berning et al. 2015; El Ghalbzouri et al. 2009). This makes them suitable for long-term studies
and allows investigation of phenomena like ECM remodeling. The model established here is also
well connected to the extrinsic environmental factors as the fibroblasts used were isolated from

sun-exposed areas and as such represent a model for photoaged skin.

Complemented with premalignant keratinocytes, fdmSEs can also provide a tool for skin cancer
research, as they recapitulate the tumorigenicity and invasion phenotype of the epidermal cells
(Berning et al. 2015). In this study we used HaCaT (human, adult, low calcium, high temperature,
skin keratinocyte) cells, which are benign spontaneously immortalized keratinocytes, that carry
UV-type specific mutations in both alleles of the p53 gene, which have likely been induced in the
skin in situ (Boukamp et al. 1988). This cell line has been widely used as it is able to form a non-
invasive epithelium and is an accepted model for early stages in skin carcinogenesis (Lehman et
al. 1993). By additionally using transfected HaCaT-ras clones with different benign and malignant
tumorigenic characteristics, HaCaT-ras A5 and HaCaT-ras 114, we can also model stages of skin

cancer progression (Boukamp et al. 1990) and study the role of fibroblast aging in this context.
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Figure 8: Histology of human skin and a reconstructed skin equivalent

H&E stainings of a human skin sample from a 25-year-old caucasian donor (left) (Roger et al. 2019) and a
skin equivalent based on a fibroblast-derived matrix with fibroblasts from a 23-year-old donor (right, own
picture), indicating the different layers of native skin and the corresponding parts of the skin equivalent .
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1.6 Aims and Objectives

Although the multifactorial process of photoaging is still not fully understood, it is becoming
increasingly clear that the dermal fibroblasts are key players in the aging process. In recent years,
dermal fibroblasts were recognized as a highly heterogenous cell population and accordingly, the
interest in their characterization and how they modulate their environment during aging has
strongly increased. In preceding studies of our group, a novel fibroblast differentiation state was
presented that is correlated with photoaging and in particular with the most severe state of
photoaging — solar elastosis. Characterization of these “old” fibroblasts demonstrated a stable
TGF-B-dependent myo-chondro-fibroblastic phenotype, proven to be highly relevant also in skin

in situ.

To study the role of this fibroblast aging phenotype for the function of the tissue and, on the other
hand, the role of solar radiation for the development of this phenotype, the first objective of this
project was to establish an organotypic skin model based on primary human cells, that is long-
term stable and reproduces the characteristics of photoaged skin. UV radiation is well-
documented to be causally related to photoaging. While most studies only focused on the effect
of UVB or UVA, in real life the entire solar spectrum (UVB+UVA+VIS+IR) affects the skin. With our
newly developed radiation device, it is possible to irradiate the SEs with either solar UV radiation
(UVA+B) or the entire solar spectrum (SUN) simultaneously and compare their functional

consequences on SEs.
With this model system the following questions should be addressed:

1. How do old fibroblasts influence tissue morphology and regeneration of the SEs compared
to young fibroblasts?

2. Do old fibroblasts and the “aged ECM” induce or promote invasive growth when combined
with transformed keratinocytes?

3. Whatis the role of solar radiation for the development of the old fibroblast phenotype (myo-
chondro-fibroblasts)? And how does in turn the fibroblast age affect the response of the
tissue to UVA+B or SUN irradiation?

4. Does irradiation induce or promote invasive growth of transformed keratinocytes and are
SEs based on old fibroblasts more susceptible to that?

5. Are there specific differences in the tissue response to only UV radiation (UVA+B)

compared to the entire solar spectrum (SUN)?
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2 Material and Methods

2.1 Material

All chemicals, materials, kits and devices used for the described experiments, as well as cells,

primers and antibodies are listed in the following tables.

2.1.1 Chemicals

Table 1: Chemicals

Chemical Supplier
Acetone Carl Roth
AKASOLV Aqua Care Carl Roth
Annexin V (FITC-conjugated) Biolegend
Annexin V Binding Buffer Biolegend
Aprotinin Carl Roth
Bovine serum albumin (BSA) Sigma
Calcium acetate hydrate Sigma
Calcium chloride dihydrate, Sigma
Dispase Il Sigma
DNA AWAY® ThermoFisher Scientific
Eosin 1 % Morphisto
Ethanol 99.5% Carl Roth
Fixing Agent for Anatomy and Histology Morphisto
Glycerol Sigma
Hematoxylin solution, Mayer's Morphisto

Hoechst 33258, Pentahydrate (bis-Benzimide) - 10

mg/mL Solution in Water

Life Technologies

Hydrochloric Acid Carl Roth

Lysis Solution RL Analytik Jena AG
Magnesium chloride hexahydrate Sigma

Methanol Carl Roth
Mounting Medium, Isomount 2000 Q Path® VWR

Phosphate Buffered Saline (PBS) Serva

Propidium iodide Biolegend

RNase AWAY®

ThermoFisher Scientific
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Roticlear

Sodium acetate

Tissue Tek (OCT compound)

Triton X100

Trypan Blue Stain 0.4 %

Trypsin 2.5 %

Vectashield Mounting Media with DAPI

Carl Roth

Sigma

Sakura Finetek
Carl Roth

Logos Biosystems
Pan Biotech

Vector Laboratories

WesternBright ECL Substrate Advansta
Xylole (11) Carl Roth
2.1.2 Consumables
Table 2: Consumables
ltem Company

12-well ThinCert™ Cell Culture Insert, Pore Size 0,4
Jum

12-well deep-well Plates, ThinCert™
Adhesive slide, HistoBond®
Adhesive slide, SuperFrost® Plus
Biopsy pads

Cell Counting Slides

Cell Culture Dishes, Falcon®, various sizes
Cell strainer 70 um, EASYstrainer
Centrifuge Tube, 15/50ml

Ceramics Beads 1,4 mm
Coverslips D 263™

Cryo molds

Cryo Vials, CryoTubes™

Cryostat blade Feather® C35
Embedding Cassette

Eppendorf PCR Tubes

Eppendorf Safe-Lock Tubes

Filter for 5 ml pipette

Macro tips 5000 pl

Microtome blades Feather® R35

Nitrocellulose Membrane Amersham™ Hybond™

Greiner Bio-One

Greiner Bio-One
Marienfeld Superior
Marienfeld Superior
Simport Scientific
Logos Biosystems
Corning

Greiner Bio-One
Sarstedt

Bertin Instruments

Marienfeld Superior

Weckert Labortechnik

Nunc

Feather
Neolab
Eppendorf
Eppendorf
Gilson

Gilson
Feather

GE Healthcare
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Pasteur pipette glass

Pipette tips TipOne® 10/20/100/200/1000
Pipette tips filtered TipOne®

Scalpels sterile, No 10

Serological Pipettes Stripette®

Steriflip-GP, 0.22 um

Steritop-GP, 0.22 ym

VWR International
Starlab

Starlab
Swann-Morton
Corning

Merck Millipore
Merck Millipore

21.3 Kits
Table 3: Kits
Kit Company

AceQ gPCR SYBR® Green Master Mix

EnzCheckTM Gelatinase/Collagenase Assay Kit

Human TIMP-1 ELISA Kit

Human TIMP-2 ELISA Kit

innuPREP DNA/RNA Mini Kit
Mykoplasmen-Kit VENOR®GEM ONE STEP
QuantiFast SYBR® Green PCR Kit
Quantikine ELISA Human MMP-3
Quantikine ELISA Human Pro-MMP-1

Absource Diagnostics
Invitrogen

Wuhan Fine Biotech
Wuhan Fine Biotech
Analytik Jena AG
Minerva Biolabs
Qiagen

R&D Systems

R&D Systems

SensiFAST cDNA Synthesis Kit Bioline
Staining kit: Picro-Sirius Red for Collagen | & Il Morphisto
Western Bright Kit Advansta
2.1.4  Devices
Table 4: Devices
Device Company

"My Bath", digital water bath
CoolCell® LX freezing containers
Cryostat CM3050S

Electrophoresis Power supply
FACSCanto Flow Cytometry System

Gilson Pipetman

Biozym Scientific GmbH
Biozym Scientific GmbH
Leica Biosystems
Pharmacia Biotech

BD Biosciences

Gilson
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Heracell 240 CO2-Incubator, Kupfer
Heraeus Megafuge 8 230 V
Incubator CO2, compact, MIDI-40
Infinite M200 Pro Plate reader

Luna Il automated Cell Counter
Microscope Axio Imager M2
Microscope Axio Vert.A1

Pipette Boy S1

Precellys®24 tissue homogenizer
Rotor-Gene Q

Sliding Microtome

T3000 Thermocycler

Tissue Tek VIP® 6 Al Vacuum Infiltration Processor
Tissue-Tek Base Mold 15x15x5 mm
Tissue-Tek Cryo Console
Tissue-Tek Dispenser

Tissue-Tek Thermal Console
TRIO-Thermoblock

Vacusafe Aspiration System

ThermoFisher Scientific
ThermoFisher Scientific
Incubator CO2, compact, MIDI-40
TECAN

Logos Biosystems

Carl Zeiss AG

Carl Zeiss AG
ThermoFisher Scientific
Bertin Instruments
Qiagen

ThermoFisher Scientific
Biometra

Sakura Finetek

Miles Scientific

Miles Scientific

Miles Scientific

Miles Scientific
Biometra

Integra Biosciences

Vornado Mini Vortexer Biozym

2.1.5 Software

Table 5: Software
Software Company
Adobe InDesign 2018 CC2018 Adobe Systems
Axio Imager M2 Carl Zeiss AG
Axio Vert A1 Carl Zeiss AG
EndNote 20 Clarivate Analytics
FACSDiva BD Biosciences
GraphPad Prism 9 GraphPad Software
i-control 1.10 Tecan
ImageJ-win64 1.51h BioVoxxel
Microsoft 365 Microsoft
Photoshop Elements 13 Adobe
ZEN 2 Pro Zeiss
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2.1.6  Cell Culture Supplements

Table 6: Cell Culture Supplements

Supplement Company Stock Solution

2-phospho-L-ascorbic acid trisodium salt Sigma-Aldrich 1 M in ddH20

Adenin Sigma-Aldrich ~ 24.3 mg/ml adenin in 0.2 mM
HCI

Choleratoxin Sigma-Aldrich ~ 10-5 M choleratoxin in ddH20

Dulbecco's Modified Eagle Medium Pan Biotech

(DMEM) w: 4,5 g/l Glucose, w: L-
Glutamine, w: Sodium pyruvate, w: 3,7 g/l
NaHCO3

Dulbecco’s Modified Eagle Medium Pan Biotech
(DMEM)/F12 (1:1), w: L-Glutamine, w: 15
mM, Hepes, w: 1,2 g/l NaHCO3

Ethylendiamintetraacetic acid (EDTA) 1%  Pan Biotech

in PBS

Fetal Bovine Serum (FBS), Lot: 0522D Biochrom

Hydrocortisone Sigma-Aldrich 5 mg/ml hydrocortisone in
ethanol, 400 pg/ml in ddH20

Insulin Recombinant Human Sigma-Aldrich 3 mg/ml insulin in culture

medium, titrated with 1 M HCI

Penicillin/Streptomycin/Amphotericin B Mix  Pan Biotech

Penicillin/Streptomycin Pan Biotech

Phenol Red Sigma-Aldrich

Recombinant Human Epidermal Growth Life 5 pg/ml EGF in PBS with 0.1%
Factor (EGF) Technologies BSA

Recombinant Human Basic Fibroblast Life 10 pg/ml bFGF in PBS with
Growth Factor (bFGF) Technologies 0.1% BSA

Recombinant Human Transforming Growth Life Acidic activation, 2 pg/ml
Factor (TGF) Beta 1 Technologies TGFR-1 in PBS with 0.1% BSA

21.7 Cell Culture Media and Solutions

Table 7: Cell Culture Media and Solutions

Solution Application Composition

D10 medium Cultivation of HaCaT ~ DMEM, 10 % (v/v) FBS, 1 % (v/v) Pen/Strep
and NHDF

Freezing medium Freezing of all cell DMEM, 10 % (v/v) FBS, 10 % (v/v) glycerol

types
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rFAD medium Cultivation of SEs DMEM and F12 (3:1), 10 % (v/v) FBS, 1% (v/v)
Pen/Strep/Amp, 200 pg/ml 2-phospho-L-
ascorbic acid, 0.1 nM choleratoxin, 0.4 pg/ml

hydrocortisone
FADcomplete Cultivation of NHEK DMEM and F12 (3:1), 5 % (v/v) FBS, 1 % (v/v)
medium Pen/Strep/Amp, 0.1nM  cholera  toxin,

0.4 ug/ml hydrocortisone, 24 ng/ml adenine,
5 pg/mlinsulin, 0.5 ng/ml EGF

CDM medium Cultivation of dermal  DMEM and F12 (3:1), 10 % (v/v) FBS, 1 %
equivalents (v/v) Pen/Strep/Amp, 200 ug/ml 2-phospho-L-
ascorbic acid, 2.5 ng/ml EGF, 5 ng/ml FGFb, 1

ng/ml TGF-B1, 5 yg/ml insulin

EDTA Removal of calcium PBS -/-, 0.05 % (w/v) EDTA, 0.0005 % phenol
from the cultures red
Trypsin 0.1 % Detachment of NHDF  PBS -/-, 0.1 % trypsine, 0.025 % (w/v) EDTA ,
0.0005% phenol red
Trypsin 0.4 % Detachment of NHEK  PBS -/-, 0.4 % trypsine, 0.025 % (w/v) EDTA,
and HaCaT 0.0005% phenol red

2.1.8 Antibodies

Table 8: Antibodies

Primary Antibodies

Target Origin Species  Clonality Dilution ~ Company Cat.-No.
a-smooth muscle mouse monoclonal  1:1000 Sigma a2547
actin

Aggrecan mouse monoclonal  1:100 abcam ab3778
Collagen | rabbit polyclonal 1:500 Acris R1038
Collagen IV rabbit polyclonal 1:1000 Progen 10760
Collagen VII (LH7.2) mouse monoclonal  1:100 Sigma C6805
Collagen XI rabbit polyclonal 1:50 Santa Cruz Sc-68853
CPD (TDM-2) mouse monoclonal  1:1000 Cosmo Bio NMDNDOO1
Filaggrin (FLGO1) mouse monoclonal  1:200 Invitrogen MA5-13440
Keratin 15 guinea pig monoclonal  1:250 Progen GP-CK15
Keratin 10 guinea pig serum 1:500 Progen GP-K10
Keratin 2 mouse monoclonal  1:100 Progen 65191
Keratin Pan guinea pig serum 1:100 Progen GP14

Kic7 rabbit polyclonal 1:250 abcam ab15580
Laminin (y2 chain) mouse monoclonal  1:200 Merck MAB19562

Millipore
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MMP-1 rabbit polyclonal 1:200 abcam ab38929
MMP-3 rabbit polyclonal 1:200 Sigma HPAOO7875
TGFB-1 mouse monoclonal  1:40 abcam ab64715
Vimentin mouse monoclonal  1:200 Progen 61013
Secondary Antibodies
Target Origin Species  Conjugate Dilution ~ Company Cat.-No.
Rabbit IgG Goat Cy3 1:200 Dianova 111-165-144
Mouse IgG donkey Cy3 1:200 Dianova 715-166-151
Guinea pig IgG donkey Cy3 1:200 Dianova 706-165-148
Guinea pig IgG donkey Alexa488 1:200 Dianova 706-546-148
Mouse IgG sheep Alexa488 1:200 Dianova 515-545-003
Rabbit IgG goat Alexa488 1:200 Dianova 111-545-003
Mouse IgG goat HRP 1:5000 Cell 7076P2

Signaling

219 Cells

Table 9: Cells
Normal Human Dermal Fibroblasts (NHDF)

Name Donor age (years) Gender Body region
04.04.07 23 female abdomen
08.02.96 22 female breast
13.03.98 74 male back
13.07.94 66 female back
Normal Human Epidermal Keratinocytes (NHEK)

04.04.07 23 female abdomen
20.10.05 n/a female breast
17.04.07 43 female breast
HaCaT

Name Modification Reference

HaCaT mutant p53 Boukamp et al., 1988
HaCaT-RAS A-5 oncogenic c-Ha-Ras  Boukamp et al., 1990
HaCaT-RAS II-4 oncogenic c-Ha-Ras  Boukamp et al., 1990




MATERIAL AND METHODS

25

2.1.10 gRT-PCR Primer

Table 10: gRT-PCR Primer

Gene Sequence Forward Primer Sequence Reverse Primer

ACAN CCTCCCCTTCACGTGTAA AA GCTCCGCTTCTGTAGTCTGC

ACTB CCCCAGGCACCAGGGCGTGAT GGTCATCTTCTCGCGGTTGGCCTTG

GGGT

COL10A1  CACCTTCTGCACTGCTCATC GGCAGCATATTCTCAGATGGA

COL11A1  TGCTCAAGCTCAGGAACCTC CCTCTGTTACACTTTCAGCCTCTT

HPRT1 CTCATGGACTGATTATGGACAGGA GCAGGTCAGCAAAGAACTTATAGCC
C

IPO8 AGGATCAGAGGACAGCACTGCA AGGTGAAGCCTCCCTGTTGTTC

HAPLN1 GACAGAGCTATTCACATCCAAGC TGCCACCTCTGTGTGAAAAC

SOX9 TACCCGCACTTGCACAAC GTAATCCGGGTGGTCCTTCT

TGFB1 TACCTGAACCCGTGTTGCTCTC GTTGCTGAGGTATCGCCAGGAA

TGFB3

CTAAGCGGAATGAGCAGAGGATC

TCTCAACAGCCACTCACGCACA
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2.2 Methods
2.2.1 Cell Culture
2211 Cell Lines

Normal human epidermal keratinocytes (NHEK) and normal human dermal fibroblasts (NHDF)
were obtained from different individual donors. Details about donor age, sex and origin of the
tissue can be found in Table 9. Cells were isolated by the Boukamp laboratory at the DKFZ
Heidelberg in accordance with the guidelines of the Institutional Commission of Ethics at the
University of Freiburg (42/2005) and the World Medical Association Declaration of Helsinki
(updated 2013). Briefly, skin samples were cut into small pieces and incubated in thermolysine
(0.5 mg/ml) at 4 °C overnight to facilitate the mechanical separation of dermis and epidermis.
Single cell suspensions of epidermal keratinocytes were obtained by mechanical detachment and
filtration through a cell strainer. For culture conditions of NHEK see chapter 2.2.1.3. For isolation
of NHDF, pieces of the dermis were cultured submersed in D20 medium in standard cell culture
plates until fibroblasts grew out of the explant. When cells reached confluency, NHDF were
trypsinized and propagated or frozen in liquid nitrogen for later usage as passage 1. NHEKs were

used in passages 1 to 3, NHDFs in passages 6 to 9.

In addition to primary cells, dermal equivalents were complemented with the spontaneously
immortalized human keratinocyte cell line HaCaT (human adult low calcium high temperature
(Boukamp et al. 1988), containing UV-type specific p53 mutations. Besides the non-tumorigenic
HaCaT cells, two variants (HaCaT-ras A5 and HaCaT-ras ll14) were applied, that are transfected
with c-Ha-ras oncogene (Boukamp et al. 1990), representing different tumorigenic states. HaCaT

cells were used in passages 30 to 35.

221.2 Thawing and Cryopreservation of Cells

All cells were kept in cryo vials in liquid nitrogen tanks for long term storage. To freeze them down,
cells were detached, counted and centrifuged and the resulting pellet was resuspended in freezing
media (see Table 7) at a concentration of 2 x 10%/ml. Cryo vials with the cell suspension were then
put in CoolCell® cell freezing containers that ensure a standardized controlled cooling rate of -
1°C/min at -80 °C. Cells were kept in the containers in a -80 °C freezer overnight and then
transferred to liquid nitrogen tanks. To thaw cells, cryo vials were taken out of the nitrogen tanks
and placed in a water bath at 37 °C. When thawed, cells were seeded onto cell culture dishes in

pre-warmed cell specific medium (see Table 7).
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22.1.3 Culture and Passaging of Cells

NHDF were cultivated in D10 medium at 37°C, 5 % COz2and 95 % humidity. For optimal growth
conditions the Oz concentration was lowered to 10 %. Reaching confluency, fibroblasts were
incubated with EDTA for 3 min followed by 2-3 min incubation with 0.1 % trypsin solution, both at
37 °C. Cells were gently detached and suspended in serum containing media to stop the
enzymatic reaction. Subsequently, they were counted using an automated cell counter, pelleted
to get rid of the trypsin, and resuspended in media. Fibroblasts were reseeded at densities of 0.5-

1.5 x 10%per 15 cm cell culture dish or used for preparing dermal equivalents.

NHEKs were cultivated in FADgompiete medium at 37 °C, 5 % CO, and 95 % humidity. As primary
keratinocytes require a constant supply of dermal derived growth and differentiation factors, they
were seeded on a layer of feeder cells, i.e. y-irradiated fibroblasts. Feeder cells were prepared by
submitting a fibroblast suspension to 60 Gy gamma rays and then reseeding them on a cell culture
dish. When reaching a confluency of 90-95 %, NHEKs were incubated with EDTA for 5 min
followed by 0.4 % trypsin solution for 2 min, both at 37 °C. After detachment, cells were counted,
pelleted and resuspended in media as described above. The cells were then either prepared for

storage in liquid nitrogen or seeded on dermal equivalents.

HaCaT cells and all HaCaT variants were cultivated in D10 medium at 37 °C, 5 % CO2and 95 %
humidity and subcultured at a confluency of 100 %. For that, they were treated with EDTA for 8-
10 min followed by 0.4 % trypsin solution for 2 min at 37 °C. Subsequently, they were suspended
in media, counted and pelleted as described above. Cells were then frozen down or seeded on

dermal equivalents.

Culture medium for all cell types was changed three times a week on Monday, Wednesday, and
Friday. Cell growth and morphology was constantly monitored with an Axio Vert.A1 Microscope
(Carl Zeiss).

2214 Contamination Control

As a routine control, cells and organotypic cultures were regularly checked for mycoplasm
contamination using the Venor®GeM OneStep Mycoplasma Detection Kit according to the
manufacturer’s protocol. All cells and organotypic cultures used in this work were free of

mycoplasm contamination.
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2.2.2  Skin Equivalent Preparation, Culture and Treatment
2.2.2.1 Preparation of Skin Equivalents (SEs)

The work described in this thesis was mainly done on 3D organotypic cultures of skin, in the
following called skin equivalents (SEs), that consist of a fibroblast-derived-matrix (fdm) based
dermal equivalent (DE), co-cultured with either normal human epidermal keratinocytes (NHEK) or
HaCaT cells. The preparation of the SEs is based on a previously published protocol (Berning et
al. 2015; Pavez Lorie and Boukamp 2020) and depicted in Figure 9. To produce Age-SEs, the
dermal equivalent was built from fibroblasts of different aged donors. SEs based on a DE with
young fibroblasts are further referred to as “young SEs”, those based on old fibroblasts are

accordingly referred to as “old SEs”.

For the preparation of the dermal equivalents, fibroblasts were seeded onto ThinCert® inserts with
0.4 uym pore size in 12-well deep-well ThinCert® plates containing 5 ml of CDM medium. The
seeding was done in three steps. Every 24-48 h 0.5 x 10°cells in passage 8 or 9 in 1 ml CDM
medium were seeded dropwise into the inserts. After the last seeding, the DEs were given five
weeks to mature and produce extracellular matrix. They were kept at 37 °C, 5 % CO, and 95 %

humidity and CDM medium was changed three times a week.

24 h before seeding the keratinocytes onto the dermal equivalents, medium in both wells was
exchanged to rFAD. NHEK or HaCaT cells were detached from plates and seeded dropwise on
top of the CDMs at a density of 0.25 x 10°%well in rFAD medium. After three to four days of
submersed cultivation, the medium in the upper well was carefully removed (“air-lift”) and cultures
were subsequently cultured at the air-liquid interphase to initiate the generation of a stratified
epithelium. If not stated otherwise in this thesis the co-cultures were continued for two more weeks

before the start of irradiation. rFAD medium was exchanged three times a week.
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Fibroblasts Keratinocytes
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Figure 9: Schematic representation of the preparation of fdmSEs and the experimental workflow
Fibroblasts are seeded in three successive steps. After the last seeding, the dermal equivalents were given
5 weeks of submersed cultivation to mature and produce extracellular matrix. Then, keratinocytes were
seeded on top of the dermal equivalents and subsequently cultured at the air-liquid interphase to initiate the
generation of a stratified epithelium. Irradiation was started two weeks later on a fully developed epidermis
and continued for two to four weeks before harvest.

2222 Irradiation of SEs

Skin equivalents were irradiated three times a week, directly after exchanging the medium. An
innovative light source that mimics natural sunlight, was custom-built in our consortium. The
design of the irradiation device is covered by a patent application (10 2022 102 915.8) filed at the
German Patent and Trade Mark Office and the description was recently submitted (Plitta-Michalak
2022). The lamp is equipped with four radiation sources, ultraviolet B (UVB, 280-315 nm),
ultraviolet A (UVA, 315-400 nm), visual light (VIS, 400-750 nm) and near infrared light (IRA 750-
1400 nm) that are individually controllable. This allows for an irradiation with individual
wavelengths alone or any combination thereof. The radiation from the different sources is

combined onto the sample with dichroic beam combiners.

The ability of UV radiation to evoke erythema in human skin strongly depends on the wavelength.
Therefore, the International Commission on lllumination (CIE) proposed a standard erythema
action spectrum that provides an internationally accepted representation of the erythema-inducing
effectiveness of specific wavelengths (McKenzie 2014). Based on this agreement, we defined

wavelength specific CIE factors to calculate the physical intensities needed to reach the desired
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dose. We used the CIE scaled radiation intensity and time, that is required to elicit erythema on a

person with skin type Il (minimal erythema dose, MED).

For each session, SEs were exposed to the equivalent of 1 MED (UVB 0.78 kJ/m?, UVA 51 kJ/m?,
VIS 113 kd/m?, IRA 300 kJ/m?), which equaled an exposure time of ~25min. This spectral
combination and intensity can be compared to the exposure on a sunny summer day in Central
Europe around noon and is further referred to as simulated solar spectrum or “SUN”. During
irradiation the temperature of the irradiated samples was kept constant at 37 °C by the built-in

Peltier-element.

2223 Harvest of SEs

Co-cultures were harvested 24 h after the last irradiation. With a scalpel the OTC was cut out from
the insert and the filter membrane at the bottom was removed. The culture was then divided in
two or three pieces with a scalpel. A quarter of the culture was put in a paraformaldehyde solution
for fixation and kept there for at least 24 h to preserve the tissue structure. Further processing for
histology is described in chapter 2.2.6.1. Another quarter was embedded in a plastic mold with
O.C.T. compound and snap-frozen in liquid nitrogen. After some minutes, the frozen samples were
transferred to -80 °C for storage until cryosectioning. Half of the culture was used to isolate DNA
and RNA. As epidermis and dermis were to be analyzed individually, samples were subjected to
Dispase Il treatment (1 mg/mlin PBS) for 30 min at 37 °C. Dermal and epidermal parts were then
separated with forceps, transferred to sterile reaction tubes and snap-frozen in liquid nitrogen.
Until further processing, samples were stored at -80 °C. Additionally, 2 ml of conditioned media

from each sample was taken from the wells and stored at -80 °C.

2.2.3  Apoptosis Analysis by Flow Cytometry

Apoptosis was detected by staining cells with FITC-conjugated Annexin V and Propidium lodide
(Pl) and subsequent analysis by flow cytometry. Annexin V has a high binding affinity to
phosphatidylserine, located at the cytoplasmic side of the plasma membrane. When cells undergo
apoptosis, the membrane is flipped and phosphatidylserine is exposed on the outside of the cell,
where Annexin V can bind. To distinguish apoptotic and necrotic cells, Pl is used, a dye that

intercalates to DNA and can only permeate late apoptotic or necrotic cells.

Fibroblasts grown on 10 cm cell culture dishes up to 80 % confluence were irradiated with UVA+B

or SUN and detached 24 h after the irradiation. Cells were washed twice with cold Staining Buffer
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(PBS + 2 % FBS) and then resuspended in 1x Binding Buffer (Biolegend) at a concentration of
5 x 10° cells/ml. 100ulof the solution, corresponding to 500 000 cells, were transferred to a 5 ml
tube and stained with 3 ul FITC-Annexin V and 3 ul Pl. For each cell type unstained controls, as
well as single staining for either Annexin V or PI, were prepared. After gentle vortexing, cells were
incubated for 15 min at room temperature (RT) in the dark. 400 pl of 1x Binding Buffer are added

before analyzing the samples with a flow cytometer (FACSCanto) and the FACSDiva software.

2.2.4  Viability Assay

To measure the metabolic activity of cells in SEs and the effect that irradiation treatment has on
this, the CellTiter-Blue® Cell Viability Assay (Promega) was used. It is based on the metabolic
conversion of a redox dye (resazurin) into a fluorescent product (resorufin) as a marker for cell
viability. After cutting the SEs out of the inserts, they were transferred to flat-bottom multi-well
plates and incubated in 840 ul rFAD medium and 160 ul resazurin for 1 h under standard culture
conditions. 100 ul of conditioned medium from each well were then transferred to a 96-well plate
and fluorescence was measured with a microplate reader (Ex= 550 nm, Em = 610 nm, 5 positions

within each well).

225 ELISA

Conditioned media of SEs was taken 24 h after the last irradiation and stored at -80 °C until further
use. To determine levels of secreted proteins in the conditioned media, enzyme-linked
immunosorbent assays (ELISAs) were used. Detection of MMP-1 and MMP-3 was done with the
Quantikine ELISA Kits (R&D Systems), TIMP-2 was analyzed with an ELISA Kit from FineTest.
Media samples were diluted and then processed as described in the manufacturer’s protocol.
Optical density of each well was measured on an Infinite M200 Pro Plate reader (TECAN) at

450 nm with wavelength correction at 540 nm.

2.2.6  Paraffin-embedded Material
2.2.61 Histological Processing

Pieces of the SEs determined for histological analysis were harvested and fixed as described in
2.2.2.3. Dehydration and paraffin infiltration of the tissue was carried out overnight in a Tissue Tek

VIP® 6 Al Vacuum Infiltration Processor. The next day, samples were embedded in molten paraffin
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in steel molds and left on a cooling plate to solidify. The resulting paraffin block was cut into 7 ym
thick sections with a sliding microtome, sections were collected on microscope slides, dried, and
kept at RT.

2.2.6.2 Hematoxylin and Eosin (H&E) Staining

The hematoxylin and eosin (H&E) staining is a classical histological staining that provides an
overview of tissue structure and morphology and is widely used in medical diagnosis. Hematoxylin
stains cell nuclei in a blue-purple color, while eosin stains cytoplasm and extracellular matrix in
pink. The detailed protocol is given in Table 11. Visualization was done with an Axio Vert.A1 light

microscope (Carl Zeiss AG).

Table 11: Protocol for hematoxylin and eosin staining

Step Solution Time
Deparaffinization Roticlear 2 x 10 min
Rehydration Ethanol 96% 2 min
Ethanol 70% 2 min
Ethanol 50% 2 min
Agua dest. Short dip
Nucleic staining Mayer’s hematoxylin 6 min
Blueing Running tap water 5 min
Counterstaining Eosin 1% (aqu.) 3 min
Washing and Differentiation | Aqua dest. Short dip
Ethanol 70% Short dip
Dehydration Ethanol 96% 2 min
Ethanol 99% 2 min
Isopropanol 2 x5 min
Mounting Isomount Apply coverslip
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2.2.6.3 Picrosirius Red Staining

Picrosirius Red staining is a widely used tool to visualize collagen | and Il fibers and study the
collagen network in tissue. When analyzed under polarized light collagen fibers appear green, red,

or yellow. The staining protocol is described in Table 12.

Table 12: Protocol for Picrosirius Red staining

Step Solution Time
Deparaffinization Roticlear 2x 10 min
Rehydration Ethanol 96% 2 min
Ethanol 70% 2 min
Ethanol 50% 2 min
Aqua dest. 4 min
Collagen staining Picrosirius Red 60 min
Acetic Acid (30%) 2 x 1 min
Dehydration Ethanol 96% 2 min
Ethanol 99% 2 min
Isopropanol 2 x5 min
Mounting Isomount Apply coverslip

2264 Hyaluronic Acid Staining

A hyaluronic acid (HA) staining was performed in collaboration with Dr. Daniel Gorski from the
research group of Prof. Dr. Jens Fischer at the Institute for Pharmacology at the Heinrich Heine
University in Dusseldorf. It was used to visualize age-dependent or radiation induced changes in
HA content and distribution within the dermal equivalents. HA was detected with a two-step
streptavidin-biotin-based protocol that is described in detail in Table 13. The staining procedure
was performed by Dr. Daniel Gorski and pictures were taken with an Imager M2 fluorescence

microscope (Carl Zeiss AG).
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Table 13: Protocol for hyaluronic acid staining

Step Solution Time
Deparaffinization Roticlear 3 x 15 min
Rehydration Ethanol 100% 2 min
Ethanol 95% 2 min
Ethanol 70% 2 min
PBS ** 2 x5 min
Hyaluronidase treatment Strep Hylase in PBS**, 37 °C, humid 1 h
environment
+/+
PBS 2 x5 min
Blocking Avidin 10 min
Biotin 10 min
PBS ** 2 x5 min
TBS'(10 % FCS, 1 % BSA) 1h
HA labelling Hyaluronic Acid Binding Protein Over night
(Millipore) 1:200 in PBS™* (1 % BSA),
4 °C, dark wet chamber
2X5min
PBS **
Biotin detection Streptavidin (Invitrogen), 1:200 in in  1h
PBS™ (1% BSA), RT, dark wet
chamber
2X5min
PBS**
Mounting Fluorocare DAPI Mounting media Apply coverslip

'ddH20 (2 mM Tris, 13.7 mM NaCl)

2.2.7  Cryopreserved Tissue

2.2.71 Indirect Immunofluorescence

Indirect immunofluorescence (lIF) was performed on frozen sections of the SEs. Sections were
fixed with cool 80 % methanol (4 °C) for 10 min, followed by cool acetone (-20 °C) for 2 min. After

a blocking step with 3 % BSA in PBS** for 30 min, the primary antibody, diluted in blocking
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solution, was applied to the sections (25 pl/section) and incubated over night at 4 °C in a wet
chamber. Next day, the slides were rinsed with 0.1 % Triton X-100 in PBS** (5 min), followed by
PBS”* (3 x 10 min) and a short rinse with ddH.O, before applying the secondary antibody diluted
in blocking solution. The secondary antibody was incubated for 1 h at RT in a wet chamber and
then the rinsing steps were repeated as described. Finally, the slides were left to dry and then

mounted with Vectashield mounting medium with DAPI (Biozol).

Modification of standard protocol: For the primary antibodies against laminin 5 and keratin 2, an
additional incubation step at 37 °C for 30 min was included before the slides were put at 4 °C over

night.

When staining for MMP-1, fixation was done with 4 % formaldehyde in PBS+ for 30 min followed
by a permeabilization step with 0.05 % Triton X-100 and 20 mM glycine in PBS for 15 min. Primary
and secondary antibody were incubated at 37 °C for 30 min before the incubation at 4 °C over

night or at RT respectively.

Antibody details and appropriate dilutions are given in Table 8.

227.2 Quantitative Assessment of Proliferation

To quantitatively assess the proliferation of epidermal cells in the SEs, frozen sections were stained
for Ki67 and pan-keratin. Pan-keratin staining allowed to determine the area of the epidermal
compartment. Sections were analyzed with a fluorescence microscope and images were recorded
at three different areas. For the quantification, the total number of epidermal cells and the
percentage of Ki67-positive cells were counted semi-automatically with a macro in ImageJ, kindly
provided by Dr. Damir Krunic from the German Cancer Research Center Heidelberg (for the

detailed code see Table 17 in the appendix).

2.2.7.3 Nile Red Staining

Nile Red, 9-diethylamino-5H-benzo[a]phenoxazine-5-one, is a lipophilic stain that specifically
stains intracellular lipid droplets. A Nile Red stock solution (500 pg/ml) in acetone was prepared
and stored at 4 °C in the dark. Staining is carried out on frozen sections that were rehydrated in
PBS for 5 min. Staining solution was prepared freshly by adding 20 pl/ml of the Nile Red stock
solution to a 75 % aqueous solution of glycerol. One drop of the staining solution was pipetted

onto each section and incubated for 10 min at RT in the dark. After rinsing the slides with ddH.O,
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sections were mounted with Vectashield mounting medium with DAPI and directly examined with

a fluorescence microscope.

22.7.4 Gelatinase/Collagenase Activity Assay

The gelatinase/collagenase assay is used to measure and visualize enzyme activity in the SEs.
Fluorescein-labeled DQ gelatin serves as a substrate that yields a fluorescent signal when
digested by enzymes. Unfixed frozen sections were covered with a collagenase buffer containing
50 yg/ml DG-gelatin and 2 pg/ml DAPI, prepared from components of the EnzCheck
Gelatinase/Collagenase Assay Kit (Life Technologies) and kept in a dark chamber at RT for
60 min. Without prior washing, the sections were covered with a cover slip and immediately

examined with a fluorescence microscope.

2.2.8  Gene Expression Analysis
2.2.8.1 DNA and RNA Isolation

DNA and RNA were isolated from frozen tissue, separated in dermis and epidermis. As a first step,
the samples needed to be homogenized. For that, zirconium oxide beads were mixed with the
sample and 450 l lysis buffer were added. After 5 min incubation, the samples were putin a tissue
homogenizer (Precellys24, Bertin Instruments) that grinds the tissue by shaking with 5000 rpm for
two times 15 s. The resulting supernatant contains the nucleic acids and is further processed with
the innuPREP DNA/RNA Mini Kit (Analytik Jena) according to the manufacturer’s protocol.
Concentrations of purified DNA and RNA were measured with a microplate reader and samples
were stored at -20 °C (DNA) or -80°C (RNA). DNA was later used for Southwestern Blot, RNA
was transcribed to cDNA and used for gRT-PCR.

2.2.8.2 cDNA Synthesis

RNA extracted from the dermal and epidermal tissue was transcribed to cDNA using the
SensiFAST cDNA Synthesis Kit (Bioline) as described in the protocol provided with the kit. The
cDNA was stored at -20 °C until it was used for gRT-PCR.
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2.2.8.3 gRT-PCR

In order to quantify mRNA expression, quantitative reverse transcription PCR (gRT-PCR) was
performed using the QuantiFast SYBR Green PCR Kit (Qiagen) or the AceQ gPCR SYBR® Green
Master Mix (Absource Diagnostics). Reactions were prepared with 2.5 ul of each primer (forward
and reverse), 7.5 yl SYBR green mix, 4.5 ul RNAse-free ddH,O and 3 pl cDNA in 0.1 ml tube-
strips, including non-template controls with ddH.O instead of cDNA for each primer set. Used
primers are listed in Table 10. The PCR was carried out in a Rotor-GeneQ PCR cycler (Qiagen)
with the following program: 95 °C for 7 min, followed by 47 cycles of 95 °C for 10 sec and 60 °C
for 35 sec. The cycle threshold (Ct), the cycle number at which the fluorescence signal exceeds
background level, was determined. Three reference or housekeeping genes, [(-Actin,
Hypoxanthin-Guanin-Phosphoribosyl-transferase (HPRT1) and Importin 8 (IPO8) were chosen to
normalize the resulting Ct values. The relative fold gene expression of the gene of interest in a
sample was calculated compared to the average of the control samples using the AACt method.
Statistics was done with the GraphPad Prism Software by applying Turkey’s multiple comparisons

test as implemented in the software function two-way ANOVA.

2.2.8.4 RNA-Sequencing

RNA sequencing (RNA-Seq) is a method to analyze the transcriptome of a biological sample at a
given time by using next-generation sequencing techniques and allows quantitative comparison

of gene expression between different groups or treatments.

For the RNA-Seq analysis, SEs were divided in dermal and epidermal part and RNA was isolated
as described before. Quality control, library construction and sequencing were performed by BGI
Genomics, Hong Kong, China. Briefly, RNA quality was measured with the Agilent 2100
Bioanalyzer or Fragment Analyzer and 26 samples that met the quality requirements were used
for library construction and sequencing. After mRNA capturing, fragmentation, synthesis of cDNA,
adapter ligation and library amplification, sequencing was performed on the platform BGISEQ with

paired-end (PE) sequencing with 100 base pairs (bp) per read (PE100).

Further processing and analysis of the raw data was conducted in cooperation with Johannes
Ptok from the working group of Prof. Heiner Schaal at the Institute for Virology at the Heinrich

Heine University in Dusseldorf.

Quality control checks of the raw sequencing data (GC content, base-calling quality, adapter
sequence content, read length) were done with the tools FastQC (Simon Andrews, Babraham

Bioinformatics) and MultiQC (Ewels et al. 2016). Adapter sequences and bases with low base-
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calling quality were trimmed from the reads with Trimmomatic (Bolger, Lohse, and Usadel 2014).
To sort out reads originating from rRNA, reads were aligned to a rRNA database with the help of
the SortMeRNA algorithm (Kopylova, Noe, and Touzet 2012) and the respective reads were
discarded. For sequence alignment, the human reference genome GRCh38, provided by the
Genome Reference Consortium, was obtained from the database Ensembl (Cunningham et al.

2015).

In order to find genes that are differentially expressed across groups of samples, the software
Salmon (Patro et al. 2017) was used to quantify transcript abundance from the RNA-Seq reads
and generate count matrices for the differential gene expression (DGE) analysis performed with
the DESeq?2 software package in R (Love, Huber, and Anders 2014). Calculated p-values of the
DGE and the following gene set enrichment analysis (GSEA) analysis were adjusted following the
Benjamini-Hochberg method to account for the large amount of performed statistical tests. Genes
with an adjusted p-value lower than 0.05 and a significant log2-foldchange unequal 0 were

considered for further analysis.

To identify sets of functionally related genes that are significantly over-represented (enriched) in a
list of differentially expressed genes, GSEA was done with the R package GOseq (Young et al.
2010). Gene lists of Gene Ontology (GO) terms were analyzed, that constitute commonly used

categories that link genes to biological processes, cellular components or molecular functions.

To estimate the potential biological effects of observed transcriptional changes, significantly up-
or downregulated genes of a sample group comparison were tested for enrichment of genes

belonging to certain GO terms. The level of significance for the adjusted p-value was set to 0.05.

To visualize common patterns in gene expression of different samples and observe if sample
groups cluster together in their general gene expression, Principal Component Analysis (PCA)
was performed. PCA is a statistical method to reduce dimensionality of large data sets by using
linear transformation that transforms the data into a new coordinate system. Multivariate data is
expressed as a set of few new variables called principal components. These new variables
correspond to a linear combination of the originals. The idea is to reduce the number of variables
of a data set to reduce complexity and make it easier to visualize and interpret the data, while

preserving as much information as possible.

2.2.9  Southwestern Blot for CPD Detection

Cyclobutane pyrimidine dimers (CPDs) were detected with a Southwestern Slot Blot approach.

DNA that was extracted from the epidermis of the SEs as described in 2.2.8.1 was diluted in
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DEPC-treated water to a final concentration of 400 ng in 200 pl. In a heating block, the samples
were heated up to 100 °C for 10 min and then put on ice for 5 min, while the nylon membrane
(Hybond-N*" Amersham) was equilibrated in tap water. The membrane was placed on the support
plate of a slot blotting apparatus, another plate was put on top and the assembly was connected
to a vacuum pump. Samples were mixed thoroughly and 100 ul were pipetted to each slot. When
vacuum is applied, samples are transferred to the membrane by suction force. As soon as the
samples were completely drained from the wells, the membrane was removed from the plates,
placed on a filter paper and baked in an oven at 80 °C for 30 min. As a next step, the membrane
was blocked in blocking buffer (TBS-T buffer with 5 % milk powder) for 1 h on a shaker, followed
by incubation with the CPD antibody (TDM-2, CosmoBio), diluted 1:1000 in the blocking buffer,
at 4 °C overnight. The next day, the membrane was rinsed in TBS-T three times for 10 min each.
The secondary antibody (HRP-conjugated anti-mouse) was diluted 1:5000 in blocking buffer and
incubated on the membrane for 1h. Rinsing steps were repeated as before. ECL solution (Western
bright Advansta) was prepared by mixing component A and B 1:1 and then pipetted onto the
membrane. The chemiluminescent signal was detected with the LI-COR Odyssey Imaging System

and analyzed with the Image Studio software.

2.2.10 Measurement of Transepidermal Water Loss (TEWL)

A widely used indicator of an intact or impaired skin barrier is the measurement of the
transepidermal water loss (TEWL). Different devices exist to measure the amount of water
evaporating from the skin’s surface. Here we used the open-chamber device Tewitro® TW24
(Courage + Khazaka electronic GmbH), especially designed for the use with skin tissue models.
The measurement was conducted in cooperation with Henkel AG & Co. KGaA in Dusseldorf. Four-
week-old SEs were harvested, that means cut out from the inserts and transferred to 24-well
plates. Remaining liquid was aspirated from the wells. The measuring device, consisting of 24
hollow cylinders with sensor inlets inside, was placed on the plate, each cylinder covering one SE.
Each sensor inlet features two sensor pairs that constantly measure temperature and relative
humidity, thus measuring in an indirect way the density gradient of the water evaporating from the
skin samples. The humidity gradient of water evaporating from the surface of the SEs equals the
TEWL typically measured on the in vivo skin surface in g/m?#h. To minimize environmental
influences, the 24-well plate was placed in a closed chamber and on a heating plate to ensure
constant temperature of 33 °C simulating in vivo skin temperature. TEWL values were recorded

simultaneously for all 24 samples for 10 min.
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3 Results

3.1 Establishment and Characterization of 3D Human Age-SEs

A previous study from our laboratory has demonstrated different phenotypes for skin equivalents
(SEs) established with either young or old human dermal fibroblasts. However, these studies were
performed with a scaffold-based organotypic culture model, a model that proved inadequate for
demonstrating an invasive phenotype. We, therefore, utilized an alternative organotypic culture
model that is based on a scaffold-free fibroblast-derived matrix, and that was shown to adequately

reproduce the normal skin and skin cancer phenotype (Berning et al., 2015).

To address whether the different fibroblasts would be of phenotypic consequence also under
these new conditions, we established SEs with skin equivalents with fibroblasts from a 22- or 23-
year-old donor (later on termed “young”) versus fibroblasts from photoaged skin of a 66- or 74-
year-old donor (later on termed “old”). For each experiment the dermal equivalents (DE)
generated by the different fibroblasts were complemented with the same keratinocytes (NHEK,
derived from young donor) because only this would allow us to attribute the contribution of

phenotypic changes in the SEs to specific fibroblast populations.

3.1.1  Morphology of SEs with Young and Old Fibroblasts

SEs were generated with young (23-year-old donor) and old (74-year-old donor) fibroblasts and
complemented with NHEK from a 23-year-old donor. After a co-culture time of 4 weeks the SEs
were harvested and processed for further analysis. As a first step and to get a comprehensive
picture of the tissue’s morphology, we processed the tissue samples for histology and analyzed

H&E- stained sections of the different SEs.

Young SEs developed a well-stratified epidermis with a clearly defined basal layer, multiple spinous
layers, a distinct stratum granulosum and a multilayered stratum corneum (Fig. 10A). In SEs with
old fibroblasts, the keratinocytes formed a stratified, though less organized epidermis. The basal
layer lacked the typical palisade-like formation, spinous and granular layer could not be clearly
defined and were loosened. The stratum corneum was in part parakeratotic (containing remnants

of nuclei) in some cultures and compressed, leading to a wavy structure (Fig. 10B).

To exclude a cell-specific phenotype, the experiments were repeated with the same cell sets as
well as a second set of fibroblasts (from a 22- and 66-year-old donor), providing a similar
morphology in all experiments (representative pictures also shown in Figure 10). In addition, all

experiments were performed with a different keratinocyte strain (NHEK from a 43-year-old donor).
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Altogether, this clearly demonstrated that the phenotypic differences of the epidermis of SEs
induced by old versus young fibroblasts, were highly reproducible for different experiments (little
interexperimental variation), different old and young fibroblast strains, and different NHEK strains
(little interpersonal variation). With that, the fdm-based Age-SEs proved as highly stable and

suitable model for our further studies.

Figure 10: Histology of young and old Age-SEs

fdmSEs were established with either (A) young (22- or 23-year-old donor) or (B) old (66- or 74-
year-old donor) fibroblasts and identical young keratinocytes. H&E staining was performed on
paraffin sections. Displayed are representative histological images of young and old SEs after 4
weeks of co-culture, demonstrating an impaired epidermal differentiation and stratification of SEs
based on old fibroblasts. The scale bar represents 100 um.

3.1.2  Characterization of the Young and Old Phenotype

To define the phenotypic differences of the young versus old Age-SEs more precisely, we studied

the different components of the SEs in more detail.

3.1.2.1 Epidermal Differentiation

First, we analyzed the epidermis by comparing the expression pattern of different keratins by

immunofluorescence microscopy. A common marker for early epidermal differentiation is keratin
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10 (K10), which is expressed in all suprabasal layers of normal human epidermis. Accordingly,
young SEs showed a perfect distribution of K10 with all suprabasal layers being strongly positive
while the stratum corneum remained unstained. In old SEs, K10 was expressed only in the upper
spinous layers (delayed expression) and because of not being properly removed, was still
detectable in the parakeratotic stratum corneum (Fig. 11A). Keratin 15 (K15), a marker for basal
keratinocytes, was predominantly expressed by the basal keratinocytes of the young SEs, though
some expression was still seen suprabasally, demonstrating that the regulation of this epidermal
keratin was not yet perfect as compared to skin in situ. In old SEs, K15 was expressed throughout
the epithelium correlating well with the delayed expression of K10 (Fig. 11B). Keratin 2 (K2), a
marker for late terminal epidermal differentiation, and expressed in the stratum granulosum of the
epidermis in situ, was seen in the epidermis of the young SEs also in the upper suprabasal layers
and the stratum corneum though there was some accumulation at the transition from the vital to
the cornified part of the epidermis (Fig. 11C). In old SEs, K2 was mostly absent, demonstrating a
clear deficiency in epidermal differentiation due to the interaction with the old fibroblasts. This
deficiency in epidermal differentiation similarly accounted for SEs with fibroblasts from the second
old donor, thus excluding a “donor-specific defect” but arguing for a common impairment of the

old fibroblasts in supporting epidermal differentiation.

Figure 11: Epidermal differentiation of young and old Age-SEs

fdmSEs were established with either young (upper row) or old (lower row) fibroblasts and identical young
keratinocytes. IIF staining for the differentiation markers (A) keratin 10, (B) keratin 2 and (C) keratin 15 was
performed on frozen sections. Displayed are representative images of young and old SEs after 4 weeks of
co-culture, demonstrating an impaired ability of old fibroblasts to support proper epidermal differentiation.
Dashed white line indicates DEJ. The scale bar represents 100 pm.
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3.1.2.2 Basement Membrane Composition

The dermal and epidermal compartment are connected by the basement membrane (BM), a
highly specialized network of different ECM molecules. Both dermal fibroblasts and epidermal
keratinocytes contribute to the formation of the BM. Three important markers are collagen type
VIl (ColVII), which is the major component of the anchoring fibrils, laminin-5 (=Laminin-322), a part
of the lamina densa, important for epidermal cell adhesion and key component of the anchoring
complex, and collagen type IV (CollV), the most abundant constituent of the BM. In young SEs
ColVII (Fig. 12A) and laminin-5 (Fig. 12B) were expressed as a continuous line along the dermal-
epidermal junction (DEJ), which suggests a proper BM assembly. In old SEs, on the other hand,
ColVIl expression was reduced and more fragmented (Fig.12A). Laminin-5, unexpectedly, was
rather increased (Fig. 12B). However, the expression appeared disorganized and inappropriately
assembled. In several areas, we even saw duplication of the lamina densa, a finding which is also
reported in previous studies (Amano et al. 2001). CollV was expressed abundantly in young SEs
(Fig. 12C). The strongest expression focused on the area of the DEJ but CollV was also found in
the entire DE. In old SEs the total expression of CollV was reduced, but it still accumulated in the
DEJ area (Fig. 12C). The appearance of CollV in the entire DE instead of only at the BM is a known
phenomenon in this specific model that is due to the fibroblasts permanently being in an activated
state. Taken together, the expression pattern of the different BM components indicated a major
impact of the fibroblast age also on the BM formation, with young fibroblasts providing an optimal

support while the old fibroblasts show distinct deficits, causing an aberrant BM formation.

B

Figure 12: Basement membrane formation in young and old Age-SEs

fdmSEs were established with either young or old fibroblasts and identical young keratinocytes. IIF staining
was done for the BM markers (A) collagen type VII, (B) laminin-5 and (C) collagen type IV. Displayed are
representative images of SEs after 4 weeks of co-culture. In old SEs, the expression pattern of these markers
indicates an inappropriate assembly of the BM components. Scale bar represents 100 um.
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3.1.2.3 Composition of the Dermal Equivalent

To characterize the fibroblasts as the responsible factor for forming a DE that is able to provide
the basis for a proper interaction with the epidermal keratinocytes, we first stained the SEs for

vimentin, the major intermediate filament component of the mesenchymal cells.

In young SEs the vimentin staining showed an even distribution of fibroblasts in the DE (Fig. 13A).
In old SEs, fibroblasts were also evenly distributed but we found an increased expression and
accumulation of vimentin in the individual cells (Fig. 13A). The staining also displayed changes in
cell size and shape, resembling the typical morphology of myofibroblasts, also known as “activated
fibroblasts”. Myofibroblasts that exhibit contractile properties, generally are only present in human
skin during wound healing when they are involved in remodeling of the ECM and where their
persistence can result in tissue stiffening and fibrosis (Tomasek et al. 2002). To determine the
nature of these cells, SEs were stained for the myofibroblast marker a-smooth muscle actin (a-
SMA). While there was no a-SMA detectable in any of the young SEs, it was highly expressed in
the old ones (Fig. 13B). Here, a-SMA+ cells represented about a third to a half of the dermal
fibroblasts, or even more in some cultures, and were particularly concentrated in the upper half of
the DE in close vicinity to the BM and epithelium. This suggested that the fibroblasts established
from the old donors and characterized for a myo-chondro-fibroblast phenotype, as described

previously (Gundermann 2012), maintained their specific differentiation also in the fdm-based SEs.

YOUNG

OLD

Figure 13: Fibroblast morphology and myofibroblast differentiation in young and old Age-SEs

fdmSEs were established with either young (upper row) or old (lower row) fibroblasts and identical young
keratinocytes. IIF staining for (A) the fibroblast marker vimentin and (B) the myofibroblast marker a-SMA
was performed on frozen sections. Displayed are representative images of young and old SEs after 4 weeks
of co-culture. Vimentin staining showed differences in cell size and shape and a-SMA staining confirmed
the presence of myofibroblast only in old SEs. The scale bar represents 100 um.
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To test this further, we next analyzed the SEs for a number of ECM components. In our model of
fdm-based SEs, the ECM is completely cell-derived, with all components being produced by the
fibroblasts. The major component of the dermal ECM is collagen, with collagen type | (Coll) being
the most abundant, making up to 90% (Shin et al. 2019). Collagens, together with many other
components including elastic fibers, form a dense meshwork giving skin its structure and
mechanical properties. To evaluate collagen content and organization of the dermal equivalents,
SEs were investigated for the expression and distribution of collagen type | and Il by
immunohistochemical staining of frozen sections for Coll and staining of histological (paraffin)
sections with Picrosirius Red. When exposed to polarized light, this special stain enhances the
natural birefringence of collagen, so collagen bundles appear yellow-red (Coll) or green (Collll)
(Junqueira, Bignolas, and Brentani 1979). It needs to be mentioned that some studies report that
polarized colors are not suitable to differentiate collagen types but only reflect fiber thickness and

packing (Lattouf et al. 2014).

Staining for Coll showed that this collagen was abundantly expressed in young SEs, forming a
very dense meshwork of collagen fibers throughout the dermal compartment. The collagen
meshwork in old SEs, on the other hand, was less dense and frequently showed gaps, particularly

in the upper half of the DE, suggestive for a lack of collagen fibers in those areas (Fig. 14A).

This pattern was confirmed with Picrosirius Red staining, which similarly illustrated a higher overall
collagen content in young SEs as well as the looser meshwork with larger gaps in the old SEs (Fig.
14B). Visualized under polarized light, the differences between young and old SEs became even
more obvious. DEs of the young SEs showed the typical dermal collagen distribution with thinner
fibers in the upper part of the DE, just beneath the epithelium, and thicker collagen bundles in the
middle and lower part of the DE, representing the reticular dermis. The old SEs were characterized
by a strong reduction in collagen. In the upper part of the DE, collagen fibers were present in good
amounts but aligned differently than in young DEs. In the middle part of the DE, collagen was

drastically reduced with only fiber fragments being scattered throughout the DE (Fig. 14C).

In addition to alterations in the collagen network, skin aging is also associated with loss of moisture
content. Hyaluronic acid (HA), a glycosaminoglycan, plays a key role in binding and retaining
water molecules and therefore maintaining hydration of the skin. Thus, to investigate if differences
exist in the HA content of our young and old SEs, we initiated a cooperation project with Dr. Daniel
Gorski from the research group of Prof. Dr. Jens Fischer at the Institute for Pharmacology at the
Heinrich Heine University Dusseldorf. Staining of young SEs clearly demonstrated an even and
high level of HA expressed throughout the DE. In old SEs, the amount of HA was strongly
decreased. Moreover, the distribution appeared more uneven and patchy, with areas that

contained almost no HA (Fig.14D).
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Figure 14: Composition of the dermal ECM in young and old Age-SEs

fdmSEs were established with either young or old fibroblasts and identical young keratinocytes. IIF staining
for (A) collagen type | was performed on frozen sections, (B,C) Picrosirius Red staining and (D) IIF staining
for hyaluronic acid was performed on paraffin sections. Picrosirius Red staining was analyzed under (B) a
normal light microscope and under (C) polarized light. Displayed are representative images of young and
old SEs after 4 weeks of co-culture. Both Col | and Picrosirius Red staining show a reduction of collagen
fibers with a less dense fiber meshwork in the old SEs compared to young SEs. HA expression is drastically
reduced in old SEs. The scale bar represents 100 um in A-C and 200 um In D.

In the primary characterization of the old fibroblasts used in this study a novel “aging phenotype”
was identified, demonstrating expression of matrix proteins typical for chondrocyte differentiation
(Gundermann 2012). Amongst others, this included aggrecan (ACAN) and collagen type Xl
(ColXl). To determine whether these specific matrix proteins were expressed also in our model of
old SEs, immunofluorescence analyses was performed for the two ECM markers. Staining of the

DEs with old fibroblasts highlighted a strong expression of aggrecan (Fig. 15A) as well as ColXI
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(Fig. 15B). In young SEs, on the other hand, aggrecan and ColXI were not expressed or only
present in minor amounts. Thus, with these studies we could confirm that the original phenotype
of the respective fibroblast was maintained in the SEs and with that making these perfect models

for further analyses.

YOUNG

Aggrecan

OLD

Figure 15: Chondrogenic matrix components in Age-SEs

fdmSEs were established with either young (upper row) or old (lower row) fibroblasts and identical young
keratinocytes. IIF staining for the chondrogenic matrix proteins (A) aggrecan and (B) collagen type Xl was
performed on frozen sections. Displayed are representative images of young and old SEs after 4 weeks of
co-culture. Vimentin staining showed differences in cell size and shape and a-SMA staining confirmed the
presence of myofibroblast only in old SEs. The scale bar represents 100 um.

Together, the evaluation of major ECM components clearly shows that young and old fibroblasts
produce a markedly different DE. The aged ECM is characterized by a reduced collagen and HA
content and instead the expression of proteins typical for chondrogenic differentiation that are not
found in young SEs. Moreover, the old DE contains a large fraction of myofibroblasts which are

not present in the young DE and most likely have implications for the tissue function.
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3.1.3  Viability of Young and Old SEs

FdmSEs with young fibroblasts have been shown to be viable and regenerative for up to 24 weeks
(Berning et al. 2015). As histological stainings demonstrated an impaired ability of the old
fibroblasts to provide adequate support for the epidermis, it needed to be assessed if the viability
of the old SEs is also maintained over the course of several weeks to ensure they can be used for
long-term studies. Therefore, SEs were analyzed using the CellTiter-Blue® assay (Promega). The
included dye resazurin is reduced to fluorescent resorufin by the mitochondrial respiratory chain
in living cells and the resulting signal is proportional to the number of viable cells. Viability of young
and old SEs was determined after two, three and four weeks of co-culture. At all time-points,
viability was higher in the young SEs than in the old. After a slight decrease from week two to week

three for both young and old SEs, viability remained stable further on until week four (Fig. 16).

These results suggests that even though old fibroblasts are not able to support epidermal
regeneration the same way the young ones do, the old SEs are still viable and stable over the
course of at least four weeks, making them a suitable model for the subsequent “long-term”

irradiation experiments.

30000
©
C
O
> 20000
2 M -®- young
0 S S = old
n T A e ]
¢ 10000 L
O
3
L

2w 3w 4w

Figure 16: Viability of young and old Age-SEs over time

Viability of young and old SEs was determined by measuring metabolic activity with the CellTiter-Blue®
assay after 2, 3 and 4 weeks of co-culture. Indicated values represent the measured fluorescence signal
minus negative (no cell) control. N = 3 for each data point.

In essence, Age-SEs could successfully be established with young and old fibroblasts. They
showed long-term viability and stable and specific “young” and “old” phenotypes, thereby

reproducing many features of young and photoaged skin, respectively.
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3.2 Impact of Chronic Solar Radiation and Solar UV Radiation on Young
and Old Age-SEs

As seen in the previous experiments, the old fibroblasts produce a different dermal ECM than the
young fibroblasts and the type of fibroblast also has functional consequences for the epidermis
and BM formation. To explore the role of fibroblast age and the respective ECM they produce for

the response to sun exposure, we next exposed Age-SEs to chronic (repetitive) irradiation.

The question to be addressed was if the response to solar radiation differs between young and old
SEs and whether the age-dependent changes characteristic for the old SEs are of functional
consequence for the epidermal and dermal damage profile upon irradiation. Assuming that solar
radiation is the possible inducer of photoaging and as such responsible for the phenotype
observed in the old SEs, it was similarly investigated whether chronic irradiation with the protocol

used here, is able to induce such changes also in young SEs.

From experiments performed by Dr. Elizabeth Pavez Lorie in the laboratory, it has become clear
that a single dose of solar UV radiation (= UVA+UVB) or the entire solar spectrum
(= UVB+UVA+VIS+IRA) further on called SUN, is affecting the tissue in the SEs, however, damage
is repaired immediately and does not lead to long-term changes (Pavez Lorie, personal
communication). Therefore, the goal of this study was to perform chronic irradiation and thus ask

for stably induced changes.

SEs were established with fibroblasts from one young and one old donor and after a co-culture
time of two weeks with the same young keratinocytes, the SEs were irradiated with 1 MED (minimal
erythema dose) of either UVA+B or SUN

3.2.1  Effect of Irradiation on the Viability of SEs

The dose of 1 MED was chosen for the chronic irradiation as a physiological dose, relevant for
human exposure in vivo. Still, it needed to be assured that this dose is tolerable also for the
“reconstructed skin”, namely for both the young and the old SEs. Massive cell death would clearly
be inappropriate to study UV-dependent regulations. To analyze whether irradiation would affect
viability of the SEs, we again used the CellTiter-Blue® assay (Promega). Non-irradiated control
SEs were compared to SEs irradiated repeatedly three times a week for two weeks with 1 MED of

SUN. Six independent replicates were analyzed for each condition.

In young SEs, the irradiation did not lead to a reduction of mean viability. The same was found in

old SEs, not suggesting a toxic effect of the irradiation in either of the SEs (Fig. 17). In controls as
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well as irradiated samples viability of old SEs was lower than that of young SEs but also this trend
was not statistically significant. The variance between samples was quite high in irradiated old
SEs, indicating that some cultures were affected more than others and suggesting for a higher

potential for instability in the old SEs.

Taken together, irradiation of both the young and old SEs does not cause a significant decline in
viability. 1 MED is therefore a tolerable dose for the SEs and was accordingly used for all further

chronic irradiation experiments.
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Figure 17: Influence of irradiation on viability of young and old Age-SEs

Viability of young and old SEs was determined by measuring metabolic activity with the CellTiter-Blue®
assay. Non-irradiated controls were compared to cultures chronically irradiated with SUN for 2 weeks and
viability was determined 24h after the last irradiation. Viability was lower in old SEs than in young, but the
difference was not statistically significant. Irradiation did not affect mean viability. Indicated values represent
the measured fluorescence signal minus negative (no cell) control. Black dots: fluorescence intensity of one
sample (n). Blue/green line: mean fluorescence intensity of all samples, n=6. One-way ANOVA, all n.s.

3.2.2  Induction of DNA Damage (CPDs)

Exposure to solar radiation is known to cause a variety of DNA lesions, one of the predominant
being cyclobutane pyrimidine dimers (CPDs) (Brash 2015). These photoproducts typically lead to
cytosine (C)-to thymine (T) or CC-to-TT transition mutations that are referred to as UV signature
mutations. The induction of these CPDs by irradiation with UVA+B or SUN was measured in young
and old SEs.
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A quantitative assessment of CPD induction was done by Southwestern Blot to compare damage
induction by UVA+B and SUN in young and old SEs. Second, and to visualize the localization of

the CPDs within the tissue, IIF staining with a specific antibody for CPDs was used.

Two independent experiments with three independent biological replicates for each condition
were analyzed by Southwestern Blots (Fig. 18A). The two experiments comprised SEs with
fibroblasts from two different young (22- and 23-year-old) and two different old donors (66- and
74-year-old). The SEs had been irradiated chronically for two weeks and the analysis was
performed 24 hours after the last irradiation. As CPD induction is expected in the epidermis, the
DNA was isolated from the epidermis that had been enzymatically separated from the DE. The
Southwestern Blots clearly demonstrated hardly any CPDs in the non-irradiated control samples
from young and old SEs. Exposure to UVA+B as well as SUN strongly induced CPD formation in
young and old SEs. UVA+B treatment tended to result in higher CPD induction than irradiation
with SUN. This trend was observed in both experiments and for young as well as old SEs, but the

difference was only significant in one case (old, experiment Il).

Staining for CPDs in tissue sections of the different SEs confirmed the above findings (Fig. 18B).
While young control SEs were almost completely negative, UVA+B irradiation as well as SUN
irradiation led to a clear induction of CPDs. As to be expected, positive cells were found in the
basal and suprabasal layers of the epidermis. Interestingly, an induction of CPDs was also
detected in the dermis. Most of the positive cells were found either in the uppermost layers of the
epidermis or in the dermis. For the old SEs, the same pattern was seen. No CPDs were detected
in the control samples. UVA+B as well as SUN strongly induced CPDs, especially in the upper
epidermis and in the dermis. The stainings did not show clear differences in the amount or

localization of induced CPDs between young and old or UVA+B or SUN exposed SEs.
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Figure 18: Induction of CPDs by irradiation in young and old Age-SEs

Young and old SEs were chronically irradiated with either the solar UV spectrum (UVA+B) or the entire solar
spectrum (SUN) over the period of two weeks and compared to non-irradiated controls. Induction of CPDs
was assessed 24 h after the last irradiation. (A) Southwestern Blot for two independent experiments. CPDs
were detected in epidermal DNA by an anti-CPD antibody and the chemiluminescent signal was quantified
by LI-COR Imaging System. Irradiation led to a strong induction of CPDs in young and old SEs with the trend
of stronger induction with UVA+B. Error bars represent the standard error mean. Two-way ANOVA, * = p-
value < 0.05; ** p-value < 0.01; *** p-value < 0.001; **** = p-value < 0.0001; n=3 (B) CPD formation was
also evaluated by IIF staining on paraffin sections. Displayed are representative images, showing an
induction of CPDs by irradiation in the epidermis, but also in the DE of young and old SEs.
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3.2.3  Epidermal Proliferation Rate (Ki67)

Chronically sun-exposed skin usually shows epidermal hyperplasia, a thickening of the epidermis
caused by increased proliferation of the keratinocytes. In order to assess the influence of chronic
irradiation on the proliferative behavior of the cells in the SEs, the expression of the proliferation
marker Ki67 was analyzed and quantitatively evaluated as described in the methods section. SEs
with young and old fibroblasts (22- and 66-year-old donor) were analyzed after 2 weeks of chronic
irradiation. Proliferation was quantified 24 h after the last irradiation, taking three or four replicates
for each treatment and imaging three areas of each section. The total number of epidermal cells
and the percentage of Ki67-positive cells was counted semi-automatically with a macro in Imaged.
To assess whether the response to irradiation would be donor specific, the analysis was repeated
with a second set of cells (23- and 74-year-old donor) with very similar results. Both experiments

were combined in Figure 19A.

Positive, i.e. proliferating cells were mostly found in the basal layer of the epidermis. In young SEs,
the percentage of proliferating cells was quite stable at around 10 % in both analyzed experiments
and was not significantly affected by the different irradiation regimes (UVA+B or SUN). In old SEs
the number of proliferating cells was generally less than in the young SEs. However, the irradiation

again did not affect the proliferation ratio, neither UVA+B nor SUN (Fig. 19A).

In a second experimental setup, proliferation in young SEs was followed up for six weeks (Fig.
19B). Again, proliferation ratio was assessed 24 h after the last irradiation. At all analyzed
timepoints (2, 4 and 6 weeks) the rate of Ki67+ cells was around 10 % and not significantly altered

neither by irradiation nor over time, indicating an ongoing regeneration of the epidermis.

The Ki67 analysis suggests that there is no significant regulation of epidermal proliferation by
UVA+B or SUN in the Age-SEs. A reason for that might also be the time point of analysis 24 h after
the last irradiation. In previous experiments in our group, it was observed that proliferation is
reduced after one acute irradiation and then returns to baseline after 24h. That means a change
in proliferative behavior could occur directly after the irradiation and is already recovered after
24 h.
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Figure 19: Proliferation rate of epidermal cells in response to irradiation

Proliferation of epidermal cells was determined in non-irradiated control SEs and SEs chronically irradiated
with UVA+B or SUN for 2 weeks. The rate of proliferating cells was assessed 24h after the last irradiation
by staining frozen sections for pan-keratin and Ki67 and counting all epidermal cells and Ki67+ cells with an
Imaged macro. (A) Proliferation rate of young versus old SEs. Black dots: percentage of Ki67+ cells of one
sample (n). Blue/green line: mean of all samples. Proliferation in young SEs was higher (around 10%) than
inold SEs (around 2 %), but in both cases the rate was not affected by irradiation. Depicted is the combined
data of two independent experiments. young: n=9, old: n=8. (B) Proliferation rate of young SEs over a
timecourse of 6 weeks. N=3 for each data point. Proliferation rate did not differ significantly but stayed quite
stable at around 10% irrespective of the treatment. Two-way ANOVA; * = p-value < 0.05; ** p-value < 0.01;
*** p-value < 0.001; **** = p-value < 0.0001.

3.2.4  Effect of Irradiation on the Morphology of Young and Old SEs

To evaluate the possible effects that irradiation with UVA+B or SUN has on the morphology of
young and old Age-SEs, histological H&E stainings of tissue sections were analyzed after two and

four weeks of chronic irradiation and compared to non-irradiated controls.

The well-established epidermis found in SEs with young fibroblasts was not affected by the
irradiation. All cultures looked perfectly stratified after two (Fig. 20A) and four weeks (Fig. 20B) of
irradiation with UVA+B or SUN and displayed clearly defined layers: The basal layer, marked by
the typical palisade-like formation of cells, several layers of a stratum spinosum, a stratum
granulosum that is characterized by flattened cells that contain keratohyalin granules, and several

layers of a cornified stratum corneum.
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Old SEs, as described before, produced a less organized epidermis, lacking the clearly defined
layers and in many cases showing a compressed and wavy, partly parakeratotic stratum corneum,
or, in other cases, an atrophic epithelium. Upon irradiation with UVA+B, the organization of the
epidermis surprisingly seemed to slightly improve and the stratum corneum formation normalized
(Fig. 20A). In old SEs irradiated with SUN, this improved stratification and differentiation was
usually more pronounced than with UVA+B. The arrangement of the cells of the basal layer
resembled the palisade-like formation in young SEs and few flattened granula-containing cells
insinuated a stratum granulosum. These improvements were similarly observed after four weeks
(Fig. 20B). This surprising finding was first observed with the first set of young and old fibroblasts
(23- and 74-year-old donors). To verify this phenotype, the experiment was repeated four times
with the same fibroblasts and again two times with a second set of fibroblasts (22- and 66-year-
old donors). To also exclude cell-specific effects of the keratinocytes, three different keratinocyte
strains were used in these experiments. All these experiments provided very similar results,
indicating that the improved epidermal organization upon irradiation (especially with SUN) is a

reproducible phenotype.
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Figure 20: Effect of irradiation on histology of young and old Age-SEs

Young and old SEs were chronically irradiated with either the solar UV spectrum (UVA+B) or the entire solar
spectrum (SUN) over the period of (A) 2 weeks or (B) 4 weeks. H&E staining was performed on paraffin
sections. Displayed are representative images of control versus irradiated cultures. No obvious
morphological changes were observed in young SEs, whereas differentiation and stratification were
improved in old SEs upon irradiation. The scale bar represents 100 pm.
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3.2.5 Effect of Irradiation on Epidermal Differentiation

To assess the epidermal response to irradiation, the expression of the previously described
markers for early differentiation, keratin 10 (K10), late differentiation, keratin 2 (K2), and the basal

keratinocytes, keratin 15 (K15), was investigated after two weeks of chronic irradiation.

In young SEs, the expression of all markers in irradiated samples recapitulated the expression
pattern seen in the unirradiated controls: K15 was expressed mostly in the basal cells (Fig. 21A),
K10 was strongly expressed in all suprabasal layers, excluding the stratum corneum (Fig. 21B)
and K2 was found from the upper spinous layers up to the stratum corneun (Fig. 21C) This pattern
was not altered by the two weeks of repeated irradiation, neither with UVA+B nor SUN, suggesting

that epidermal differentiation in young SEs is not markedly affected by irradiation.

In old SEs on the other hand, the expression of all markers was highly influenced by the chronic
irradiation with both UVA+B and SUN. K15 as a marker for basal keratinocytes was present
throughout almost all layers of the epidermis in non-irradiated old SEs. Upon irradiation the
expression was more restricted to the basal layer (Fig. 21A). K10, that was present more
superficial in non-irradiated controls, indicating a delayed differentiation, was now expressed in all
suprabasal layers (Fig. 21B). This correlates well with the expression of K15 that was also
regulated more normally in irradiated SEs. The late differentiation marker K2 was expressed in
very minor amounts or was even absent from non-irradiated old SEs. Interestingly, this expression
was increased in irradiated cultures (Fig. 21C). Although K2 expression was still markedly less
than in young SEs, it suggested an improvement of terminal differentiation of old SEs upon
irradiation. These effects on the expression of K15, K10 and K2, were observed after irradiation

with UVA+B as well as SUN, but were slightly more pronounced after irradiation with SUN.

Taken together, the expression of all three markers, K15, K10, and K2, indicated a normalization
of the epidermal differentiation in old SEs induced by chronic irradiation. The described phenotype
could be reproduced in six independent experiments and with cells from two different young (22-

and 23-year-old) and two different old (66- and 74-year-old) donors.
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Figure 21: Effect of irradiation on epidermal differentiation of young and old Age-SEs

Young and old SEs were chronically irradiated with either UVA+B or the entire solar spectrum (SUN) for two
weeks and compared to non-irradiated controls. IIF staining for the differentiation markers (A) keratin 15,
(B) keratin 10 and (C) keratin 2 was performed on frozen sections. Displayed are representative images of
young and old SEs, demonstrating an impaired ability of old fibroblasts to support proper epidermal
differentiation that is in part restored after irradiation. Both treatments (UVA+B and SUN) led to an increase
in K2 expression and a normalized expression pattern of K10 and K15. Young SEs did not show changes in
the epidermal differentiation upon treatment. Dashed white line indicates DEJ. Scale bar represents 100 um.
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3.2.6  Evaluation of the Skin Barrier

One of the vitally important functions of the skin is to provide an effective barrier between
environment and human body by preventing invasion of pathogens and fending off chemical and
physical insults, but also to hinder unregulated water loss. Proper function of this barrier is
dependent on the outermost layer of the epidermis, the stratum corneum (stratum corneum),
which is made up of corneocytes embedded in a lipid matrix. It is known that UV exposure leads
to a thickening of the horny layers of the skin (light callosity “Lichtschwiele”) as a protective
response. We hypothesized that the improvement in tissue differentiation that we had seen
particularly in old SEs after irradiation might be part of an adaptive response of the SE to better
protect against damaging UV rays by improving the skin barrier. In order to assess the integrity
and function of the barrier in our SEs, three different approaches were chosen:
immunohistochemical staining of Filaggrin, visualization of lipids using Nile Red and functional

measurement of the transepidermal water loss (TEWL).

Filaggrin is the major structural protein in the stratum corneum, binding and aggregating keratin
filaments. In young SEs, expression of filaggrin was found all over the stratum corneum and the
intensity or localization was not changed by irradiation, neither with UVA+B nor SUN (Fig. 22A).
In old SEs only very little filaggrin expression was seen in the unirradiated control SEs. This is in
line with what was seen in histological stainings, showing that SEs produced a very thin or
sometimes almost no stratum corneum. Interestingly, irradiation, especially irradiation with SUN,
caused an increased expression of filaggrin (Fig. 22A). This increase again correlated well with
the morphological changes induced by irradiation, namely the increase in stratum corneum

thickness.

Another important contributor to the barrier function of the skin is the lipid matrix that provides a
permeability barrier to prevent water loss (Elias 1983; Wertz et al. 1987). To investigate the lipid
matrix, Nile Red staining was performed. Nile Red is a dye that is widely utilized for the localization
and quantitation of neutral lipid droplets (Greenspan, Mayer, and Fowler 1985). In young SEs we
found a clear basket weave-like structure typical for the stratum corneum of human skin, and the
characteristic lipid lamellae being indicative for the lipid deposition in the intercellular spaces (Fig.
22B, C). The intense staining of the stratum corneum was similarly seen after irradiation of the
SEs with UVA+B as well as SUN, suggesting for no strong radiation effect on the lipid expression

and deposition.

In contrast to the well-formed stratum corneum in young SEs, the old SEs built only a thin, wavy
stratum corneum and as documented in Fig. 22B the lipid layer nicely recapitulated the

disorganized structure and showed more granular-like lipid aggregates. Old SEs that had been
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irradiated with either UVA+B or SUN exhibited a clearly different morphology than their non-
irradiated counterparts. Here the stratum corneum was thicker and showed densely packed
lamellar sheets, making their stratum corneum much more compact than in the young SEs with

the relaxed basket weave structure.

Next, to determine whether the differences seen in filaggrin expression and formation of the lipid
matrix would also be of functional consequences for the SEs, their influence in skin barrier function
was assessed. A very sensitive and widely used indicator for the function and integrity of the skin
barrier is the measurement of the transepidermal water loss (TEWL). It describes the amount of
water that passively diffuses across a fixed area of stratum corneum to the skin surface per unit
time (g/m?/h). Higher TEWL is usually associated with skin barrier impairments, whereas lower
TEWL is related to healthy skin with an intact barrier. Here we used an open-chamber device
(Tewitro®TW 24R) optimized for the measurement of in vitro skin models and kindly provided by
Henkel AG & Co. KGaA in Dusseldorf. The detailed setup and procedure are described in the

methods section. Three SEs for each condition were analyzed.

The TEWL in all cultures was around 46 g/m#h and it did not vary significantly between young and
old SEs or between controls and irradiated cultures and also did not differentiate between the old

controls versus the irradiated cultures with their improved lipid layers (Fig. 22D).

Taken together, our data demonstrate that irradiation does not alter the expression of skin barrier
components and in correlation with that skin barrier function in young SEs. In old SEs, the
expression of filaggrin and the deposition of lipids is increased upon irradiation, both UVA+B and
SUN, and this correlates with an improved organization of the stratum corneum. However,
especially the latter did not result in functional consequences for the barrier function, at least
regarding the TEWL.

Due to restrictions of the Covid-19 pandemic, this experiment could unfortunately not be repeated.
Therefore, it has to remain open, how much this specific test or the technical conditions may
codetermine the results and whether TEWL measurement is a sufficiently sensitive method to

detect minor variations in the regulation of the barrier function.
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Figure 22: Evaluation of the skin barrier integrity after irradiation in young and old Age-SEs

Young and old SEs were chronically irradiated with either the solar UV spectrum (UVA+B) or the entire solar
spectrum (SUN) over the period of two weeks and compared to non-irradiated controls. Integrity and
function of the skin barrier were assessed by (A) IIF staining for filaggrin, (B) staining with Nile Red to
visualize lipids (higher magnification of the lipid lamellae in (C)) and (D) functional analysis of the
transepidermal water loss (TEWL). UVA+B and SUN led to a restoration of the reduced filaggrin expression
in old SEs and to a normalization of the lipid barrier. TEWL was not altered statistically significant. Two-way
ANOVA, all n.s.; n=3
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3.2.7 Effect of Irradiation on the Basement Membrane

The BM components collagen type VII (ColVIl), collagen type IV (CollV) and laminin-5 were again
analyzed by IIF staining in non-irradiated controls and irradiated young and old SEs. As described
before, major differences in expression pattern of these markers were observed between young
and old SEs that demonstrated deficits in BM formation in old SEs. In young SEs, ColVII (Fig. 23A)
and laminin-5 (Fig. 23B) were both expressed in a continuous line along the BM area. CollV
(Fig. 23C) was found in the entire DE, but accumulated in the upper part, closest to the epidermis.
Irradiation with UVA+B or SUN did not alter the expression of the three BM components in intensity

or localization.

In old SEs, the expression of ColVIl was considerably reduced compared to young SEs, and
instead of a continuous line it was fragmented or partly degraded. Irradiation with UVA+B or SUN
did not lead to visible alterations of that pattern (Fig. 23A). Laminin-5 expression was rather
increased in old SEs but its distribution was disorganized. Upon UVA+B exposure, laminin-5
expression was slightly increased and increased even more upon exposure to SUN (Fig. 23B).
The broader and chaotic distribution of laminin-5 suggested a further impaired assembly of the
BM. CollV, expressed mainly in the upper part of the DE in old SEs, was only slightly affected and
rather reduced by irradiation with UVA+B (Fig. 23C).

Together these results suggests that the BM formation is highly dependent on the age of the

fibroblasts, but other than epidermal differentiation, is not as much affected by radiation.
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Figure 23: Effect of irradiation on basement membrane formation of young and old Age-SEs

Young and old SEs were chronically irradiated with either the solar UV spectrum (UVA+B) or the entire solar
spectrum (SUN) over the period of two weeks and compared to non-irradiated controls. IIF staining for the
BM markers (A) collagen type VI, (B) laminin-5 and (C) collagen type IV was performed on frozen sections.
Displayed are representative images of young and old SEs, demonstrating a proper assembly of the BM in

young SEs, that is impaired in old SEs. Irradiation did not clearly alter the expression of the BM components,
neither in young nor in old SEs. Dashed white line indicates DEJ. The scale bar represents 100 um.
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3.2.8  Effects of Irradiation on the Dermal ECM
3.2.81 Alterations in ECM Composition

The dermal ECM as a major target of photoaging was studied by visualizing the collagen network,
the hyaluronic acid (HA) content and the expression of chondrogenic matrix components in young

and old SEs after irradiation with either UVA+B or SUN for two weeks.

[IF staining for collagen type | (Coll), the most abundant collagen in the dermis, demonstrated a
dense meshwork of collagen fibers in the DE produced by young fibroblasts (Fig. 24A). This was
not affected by the two weeks of irradiation with UVA+B or SUN. In the DE produced by old
fibroblasts on the other hand, the Coll meshwork was less dense and displayed gaps and areas
that lacked collagen fibers, particularly in the upper part of the DE. Exposure to UVA+B or SUN
did not considerably change the Coll expression in old SEs (Fig. 24A).

Picrosirius Red staining allowed a further analysis of the collagen network. The dye visualizes
collagen type | and type Il (Collll) fibers. Examined by light microscopy it confirmed what was seen
in the Coll staining: an abundant expression of collagen fibers that form a very dense meshwork
in young SEs, and a reduced expression in old SEs, that led to a less dense meshwork with larger
gaps. Again, a change of the collagen network could not be observed after irradiation with UVA+B

or SUN, neither in young nor in old SEs (Fig. 24B).

However, when examined under polarized light (Fig. 24C), the Picrosirius Red staining revealed
some subtle distinctions. In both young and old SEs, the expression of collagen fibers slightly
increased upon irradiation with UVA+B and also with SUN. In the DE of young SEs, irradiation
particularly led to an increase in yellow-red fibers (Coll). In the DE of old SEs, both the yellow-red

and green (Collll) fibers seemed to be increased, especially in the middle part of the DE.
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Figure 24: Effect of irradiation on the collagen network of young and old Age-SEs

Young and old SEs were chronically irradiated with either the solar UV spectrum (UVA+B) or the entire solar
spectrum (SUN) over the period of two weeks and compared to non-irradiated controls. IIF staining for (A)
collagen type | was performed on frozen sections, (B) Picrosirius Red staining was done on paraffin sections
and (C) visualized under polarized light. Young SEs display a dense network of collagen fibers that was not
affected by irradiation. Old SEs have a less dense collagen fiber network with larger gaps and irradiation
with UVA+B or SUN led to a slight increase in collagen fibers as seen in the Picrosirius Red staining under
polarized light. Displayed are representative images of young and old SEs. The scale bar represents 100 ym.
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Next, the influence of irradiation on the expression pattern of HA was assessed in young and old
SEs (Figure 25). In young SEs, HA was abundantly expressed and evenly distributed throughout
the DE. The amount and distribution of the HA was not altered by irradiation, neither UVA+B nor
SUN. In old SEs on the other hand, that displayed a markedly reduced expression of HA in
unirradiated controls, exposure to UVA+B as well as SUN led to an overall increase of HA in the
entire DE. Although the staining intensity was not as high as in young SEs and the HA network did
not look as dense, staining intensity was drastically increased upon irradiation compared to the
controls. Together this suggests that irradiation with UVA+B as well as SUN causes a strong
upregulation of an otherwise obviously reduced expression (as compared to young fibroblasts) of
HA in the old fibroblasts.
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Figure 25: Effect of irradiation on the HA content of young and old Age-SEs

Young and old SEs were chronically irradiated with either the solar UV spectrum (UVA+B) or the entire solar
spectrum (SUN) over the period of two weeks and compared to non-irradiated controls. IIF staining for
hyaluronic acid (HA) displayed an abundant expression in the entire DE of young SEs (upper panel), that
was not affected by irradiation. In old SEs that had a strongly reduced HA content in non-irradiated samples,
irradiation increased HA expression (lower panel). Displayed are representative images of young and old
SEs. The scale bar represents 100 um

The proteins aggrecan and ColXI, typical components of the chondrogenic matrix, had been
detected abundantly in the DE old SEs, but not in young. This pattern was not changed significantly
by irradiation. The expression of both proteins was detected in the DE of irradiated as well as
control old SEs. In young SEs the chondrogenic matrix proteins were not detected, or only in minor

amounts (Fig. 26).
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Figure 26: Expression of chondrogenic matrix components in young and old Age-SEs

Young and old SEs were chronically irradiated with either the solar UV spectrum (UVA+B) or the entire solar
spectrum (SUN) over the period of two weeks and compared to non-irradiated controls. IIF staining was
performed on paraffin sections for the chondrogenic matrix components (A) aggrecan and (B) collagen type
Xl. Both proteins were expressed abundantly in old SEs, but only in minor amounts in young SEs. Displayed
are representative images of young and old SEs. The scale bar represents 100 um.
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3.2.8.2 Proteolytic Damage to the Dermal ECM

The dermal ECM is subject to constant dynamic changes. Remodeling of various components of
the ECM is an important event in wound healing but also plays a major role in pathologies such as
fibrosis or tumor invasion and metastasis. Disruption of the ECM, especially the degradation of
collagen fibrils in the dermis, is a hallmark of aging and largely responsible for this are matrix
metalloproteinases (MMPs). MMPs are regulated at different levels and their activity can be

inhibited by tissue inhibitors of matrix metalloproteinases (TIMPs), especially TIMP-1 and TIMP-2.

We studied the proteolytic activity in young and old SEs with different approaches. Using a
fluorometric collagenase/gelatinase assay we assessed the general activity of collagenases and
gelatinases in fresh cut frozen sections of the SEs. The levels of secreted pro-MMP-1, MMP-3 and
the inhibitor TIMP-2 in conditioned media were quantitatively measured by ELISA and IIF stainings
gave an insight into the localization of the respective enzymes. If not stated otherwise, all assays
were done with at least two independent experiments with three or four biological replicates for

each condition.

The gelatinase/collagenase activity assay is based on a fluorescein-labeled DQ gelatin conjugate
that yields fluorescent fragments when digested by enzymes. This assay revealed high enzymatic
activity in the stratum corneum of young control SEs and a low activity in parts of the epidermis in
some samples (Fig. 27A). There was no activity detectable in the dermal compartment. Irradiation
with UVA+B or SUN did not alter the enzymatic activity in young SEs. In old control SEs, activity
in the stratum corneum and epidermis was less than in young SEs, but a high enzymatic activity
was detected in the dermal part. Irradiation (UVA+B or SUN) did not lead to noticeable alterations

of that pattern.

Several studies have shown that UV radiation influences at least three MMPs, namely MMP-1,
MMP-3, and MMP-9, in human skin in vivo (Quan et al. 2009; Brenneisen, Sies, and Scharffetter-
Kochanek 2002; Fisher et al. 1997). Therefore, we focused on those three as well as the inhibitor
TIMP-2 in the further analysis. Using ELISAs we detected the secreted protein in conditioned
media from the SEs that was collected 24 h after the last irradiation (Fig. 27B). MMP-9 was not
present in the medium or levels were too low to be detected (not shown). Pro-MMP-1 was
detected in all samples, the basic value of the controls already being higher in media from the old
SEs than in the young. In both cases, young and old samples, irradiation with UVA+B or SUN led
to a significant increase in secreted pro-MMP-1. Absolute amount of protein was consistently
higher in samples from old SEs for all conditions (Fig. 27B, left diagram). MMP-3 was found only
in small amounts in media from young SEs and it was not altered significantly by irradiation. In old

SEs however, irradiation with UVA+B and even more with SUN strongly increased the level of
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secreted MMP-3 (Fig. 27B, middle diagram). TIMP-2 was analyzed in three different experiments.
In all conditions TIMP-2 levels were higher in old SE samples than in young. Irradiation did induce
a significant increase in the old samples in one of the experiments but not in the other two
(Fig. 27B, right diagram).

To complement the quantitative results of the ELISA, we did IIF stainings for MMP-1 (Fig. 27C)
and MMP-3 (not shown) to also localize the expression of the enzymes in the tissue. The MMP-1
staining revealed a pronounced expression in the epidermis of all cultures. In the dermal part there
was almost no expression in young SEs. The dermal part of old SEs on the other hand exhibited a
much stronger expression of MMP-1, distributed over the entire area. Differences between control
and treated samples that were detected by ELISA could not be observed in the stainings. This
does not mean that the results are invalid, but the ELISA is a more sensitive tool that provides
quantitative data and also detects subtle and short-term changes, whereas the staining gives a

better idea about the localization.
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Figure 27: Modulation of the dermal ECM by proteolytic enzymes

Young and old SEs were chronically irradiated with either the solar UV spectrum (UVA+B) or the entire solar
spectrum (SUN) over the period of two weeks and compared to non-irradiated controls. (A) A fluorescence-
based collagenase/gelatinase activity assay was performed on non-fixated frozen sections. (B) Conditioned
media was collected 24h after the last irradiation and used to detect secreted pro-MMP1, MMP-3 and TIMP-
2 by ELISA. (C) MMP-1 expression was also analyzed by IIF staining on frozen sections. All assays show a
higher proteolytic activity in old SEs. Error bars represent the standard error mean. Two-way ANOVA,; * =
p-value < 0.05; ** p-value < 0.01; *** p-value < 0.001; **** = p-value < 0.0001; n=3.
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3.2.9 Effects of Irradiation on the Fibroblasts

Young and old Age-SEs were again stained for the mesenchymal marker vimentin and the
myofibroblast marker a-SMA to determine the differentiation state of the fibroblasts in the DE and

how this is affected by irradiation.

3.2.91 Reduction of Myofibroblasts Upon Irradiation of Old SEs

As described in 3.1.2.3 myofibroblasts represented a major part of dermal fibroblasts in old SEs,
demonstrated by a positive staining for a-SMA, while young SEs comprised no myofibroblasts at
all. The question was now how chronic irradiation would affect this phenotype, if myofibroblasts
are induced in young SEs upon irradiation (an induction that is seen in wound healing as a
response to tissue injury (Li and Wang 2011)) and if the number of myofibroblasts in old SEs is
further increased. Interestingly, irradiation did not lead to an increase in myofibroblasts in old SEs
(Fig. 28B). On the contrary, we found a strong decline. The reduction was apparent in UVA+B-
exposed SEs and even more pronounced in those exposed to SUN. Myofibroblasts were still
concentrated in the upper part of the DE. Young SEs remained completely negative for a-SMA
after UVA+B or SUN exposure (Fig. 28B), suggesting that irradiation alone, at least in the dose
and time it was administered here, is not enough to induce the differentiation of young fibroblasts

to myofibroblasts.
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Figure 28: Effect of irradiation on young and old fibroblasts in Age-SEs

Young and old SEs were chronically irradiated with either the solar UV spectrum (UVA+B) or the entire solar
spectrum (SUN) over the period of two weeks and compared to non-irradiated controls. IIF staining for the
mesenchymal marker (A) vimentin and the myofibroblast marker (B) a-SMA were performed on frozen
sections. Displayed are representative images of young and old SEs. The old fibroblasts displayed an
enlarged morphology compared to young ones and accumulated vimentin. Myofibroblasts (a-SMA+) were
only present in old SEs and markedly reduced by irradiation. The scale bar represents 100 um.
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3.29.2 Apoptosis analysis of young and old fibroblasts

After seeing the surprising reduction of myofibroblasts in old SEs following irradiation, the question
arose if aged fibroblasts in general are more sensitive to irradiation and die as a consequence of
the treatment. In this case, we would find increased rates of apoptosis or necrosis. To address
this, fibroblasts of young and old donors were grown in 2D on standard cell culture plates, with
three independent replicates each, and irradiated with 1 MED of SUN. To detect cell death, cells
were double stained with Annexin-V-APC and PI-PE and subsequently analyzed by flow cytometry
(FACS). The generated dot plots, shown in Figure 29A, can be divided in four quartiles
representing the population of healthy cells in Q4 (Annexin/PI -/-), early apoptotic cells in Q3
(Annexin/PI +/-) and late apoptotic or necrotic cells in Q2 (Annexin/PI +/+). The proportion of cells
undergoing apoptosis or necrosis was generally low. In the non-irradiated controls 6.3 % of the
young and 8.3 % of the old fibroblasts were defined as apoptotic (Q3), 4 % of the young and 3.9 %
of the old as late apoptotic or necrotic (Q2). 89.4 % and 87.2 % of young and old cells respectively
were vital (Q4). The proportion of dead cells even decreased in the irradiated samples. Only 4 %
of the young fibroblasts and 3.9 % of the old ones were apoptotic after irradiation. The percentage
of late apoptotic/necrotic cells decreased to 1.9 % in young and 2.3 % in old fibroblasts. More
than 93 % of fibroblasts, both young and old, were vital after the radiation exposure. The
percentages are visualized in Figure 29B. The results show that the irradiation regime per se is

not toxic and does not induce apoptosis in the fibroblasts but rather reduces it.

In addition to the FACS analysis, cultures of old fibroblasts were stained for a-SMA. Positive cells
were detected in controls as well as in irradiated plates in similar amounts. This experiment clearly
demonstrated that old fibroblast or aSMA+ cells do not exhibit an increased sensitivity towards
irradiation triggering apoptosis. This in turn suggests, that the loss of myofibroblasts in the old SEs

after irradiation is not due to their selective killing through UV or SUN.
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Figure 29: Flow cytometric analysis of cell death

Fibroblasts of a young and old donor were analyzed by flow cytometry after a single irradiation with 1 MED
of SUN compared to non-irradiated controls. (A) Annexin V/Propidium iodide (PI) double staining allowed to
distinguish between viable (Annexin V-/Pl-, Q4), early apoptotic (Annexin V+/Pl-, Q3) and late apoptotic or
necrotic (Annexin V+/Pl+, Q2) cells. (B) The percentage of apoptotic and necrotic cells did not increase
upon irradiation but, on the contrary, decreased, suggesting no cell death induction by SUN. Stacked
columns represent mean of n=3.
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3.2.10 Gene Expression Analysis of Chondrocyte-Type Genes by qRT-PCR

Previous experiments in this study as well as the preceding characterization of the fibroblasts
(Gundermann 2012) have suggested a specific differentiation of aged, sun-exposed fibroblasts to
a myo-chondro-fibroblast phenotype that produce a chondrocyte-type ECM. To investigate the
role of solar radiation for the development of this phenotype, i.e. to find out if it is a direct
consequence of UV/sun exposure, RNA from SEs with young (23-year-old donor) and old (74-
year-old donor) fibroblasts were analyzed for a panel of chondrocyte-type matrix proteins by gRT-
PCR. SEs were irradiated for two weeks with UVA+B or SUN and RNA was isolated from the DE

24 h after the last irradiation.

We first asked whether radiation could induce the expression of chondrocyte-type matrix genes
in SEs with young fibroblasts. To address this, the fibroblasts were analyzed for the chondrocyte-
type matrix markers COL11 and HAPLN1 as well as the chondrogenic transcription factor SOX9
(SRY-Box Transcription Factor 9). Both COL11 and HAPLN1 appeared to be upregulated upon
UVA+B and SUN irradiation, with only HAPLN1 being significantly increased, suggesting that
irradiation might be able to induce expression of these markers. The transcription factor SOX9,

on the other hand, did not seem to be regulated as yet (Fig. 30A).

To verify these findings, RNA from another experiment, based on a second set of fibroblasts (22-
and 66-year-old donors), was analyzed. Of this experiment, the samples irradiated for two weeks
were taken for an RNA-Seq analysis and with the samples irradiated for four weeks we performed
gRT-PCR. In this analysis, the fibroblasts demonstrated a significant induction of ACAN, COL10
(for UVA+B) and CCN1 (for SUN). COL11 and HAPLN1 were only induced very slightly and non-
significant (Fig. 30B). Together, this suggested that also these fibroblasts were responding to
irradiation with a shift to a more chondrogenic expression phenotype, although the level of

induction was rather moderate for both young fibroblast populations.

When analyzing the old fibroblasts, we found that all the genes regulated in the young fibroblasts
were also regulated in the old fibroblasts, though regulation was generally delayed. After two
weeks all genes were only slightly induced (Fig. 30A), while in the other experiment that was
analyzed after four weeks of irradiation, HAPLN1, COL11, COL10, ACAN, and CCN1 were all
strongly upregulated (Fig. 30B). SOX9, as a transcriptional regulator of the chondrogenic
program, was already induced in the 2-week samples. This might suggest that SOX9 is induced

first, before then leading to the induction of the chondrocyte-type matrix genes.

Expression of TGFB1 and 3 was analyzed, as they are potential regulators of the chondrogenic
phenotype. TGFB1 was increased by irradiation in young and old fibroblast after two weeks, but

this increase was not significant (Fig. 30A). After four weeks, TGFB1 was rather reduced upon
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irradiation (significant only for young fibroblasts). TGFB3 was induced especially by UVA+B, again
only being significant in young fibroblasts (Fig. 30B).

Together this suggests the irradiation with UVA+B and SUN is involved in inducing a chondrogenic
expression profile in young and old fibroblasts. However, this regulation might not be direct. The
delayed onset of gene expression rather points to an indirect consequence of UV-induced

regulatory circuits.
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Figure 30: Relative gene expression in young and old Age-SEs

Young (black columns) and old (grey columns) SEs were chronically irradiated with either the solar UV
spectrum (UVA+B) or the entire solar spectrum (SUN) over the period of two or four weeks and compared
to non-irradiated controls. RNA of the DE was purified and used for gRT-PCR to determine gene expression
levels of the stated genes in relation to housekeeping genes. One experiment was analyzed (A) after two
weeks of irradiation and (B) another one after four weeks of irradiation. The error bars represent the
standard error mean. Two-way ANOVA, * = p-value < 0.05; ** p-value < 0.01; *** p-value < 0.001; **** =
p-value < 0.0001; n=3.
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3.2.11 Gene Expression Analysis of Age-SEs by RNA-Sequencing

In addition to the morphological and functional analysis of young and old SEs, we were interested
in their general response to irradiation on the gene expression level. In order to study the
transcriptome of the SEs and compare the gene expression of the incorporated cells (fibroblasts
and keratinocytes), an RNA-sequencing analysis was performed by BGI Genomics (Hong Kong,
China) and the raw data was analyzed in cooperation with Johannes Ptok from the group of Prof.
Heiner Schaal (Institute for Virology, Heinrich Heine University Dusseldorf). Details of the analysis
are given in the Methods section. For this experiment SEs based on young (22-year-old donor) or
old (66-year-old donor) fibroblasts co-cultured with young (23-year-old donor) keratinocytes were
repetitively irradiated with either UVA+B or SUN for 2 weeks as described before. Dermis and
epidermis were separated after the harvest and processed individually. In total, data from 26
samples (10 for epidermis, 16 for dermis) was analyzed with two or three biological replicates for

each condition.

3.2.11.1  Principal Component Analysis

As a first overview, the gene expression profiles of all samples were compared and the similarity
between samples was visualized by Principal Component Analysis (PCA). In the PCA, samples
with a similar expression profile are positioned closer together in a two-dimensional frame,
depictedin Fig. 31. The PCA clearly separated epidermis (E) samples from the dermis (D) samples
in the dimension of Component 1 (x-axis). Epidermis samples from young and old SEs, irrespective
of the irradiation, were located in close proximity to each other, indicating many similarities in their
gene expression profile. The old and young dermis samples, on the other hand, were clearly
separated along the dimension of Component 2 (y-axis), clustering together in the upper or lower
left corner respectively. Interestingly, the distance between young and old dermis samples was
much bigger than that between control and irradiated samples, indicating that the age of the

fibroblasts accounted for more of the differences in gene regulation than the irradiation treatment.
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Figure 31: Principal Component Analysis (PCA)
PCA was done based on RNA-Seq data of the general gene expression Samples with a similar gene
expression cluster together. The two components explain 80% of the variance between samples.

3.2.11.2  Differential Gene Expression of Young and Old Fibroblasts

To compare the transcript abundance of genes between different groups, a differential gene
expression (DGE) analysis was performed with the DESeqg2 software package in R (Love, Huber,
and Anders 2014). Calculated p-values of the DGE were adjusted following the Benjamini-
Hochberg method and only genes with an adjusted p-value lower than 0.05 and a significant log2-

foldchange unequal O were considered for further analysis.

Venn diagrams are depicted in Fig. 32 to illustrate the number of differentially expressed genes
(DEGs) in young and old fibroblasts in response to UVA+B (Fig. 32A) or SUN (Fig. 32B) treatment.
In young fibroblasts from SEs irradiated with UVA+B, 185 genes were upregulated and 251 were
downregulated. In old fibroblasts, the number of DEGs (both up- and downregulated) was much
higher, with 641 genes being upregulated and 807 genes being downregulated in response to

UVA+B irradiation. Only a small number of genes was commonly regulated in young versus old
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fibroblasts (32 up and 28 down). In response to SUN, again only a small number of genes
overlapped between young and old fibroblasts, 11 were commonly upregulated and 28 were
downregulated. The number of genes regulated in response to SUN in young fibroblasts was
nearly the same as the number regulated after UVA+B irradiation, with 187 genes being
upregulated and 274 being downregulated. Interestingly and contrary to the response to UVA+B,
the number of DEGs in response to SUN in old fibroblasts was much lower. Only 50 genes were

up- and 71 were downregulated after SUN treatment.

The Venn diagrams in Fig. 32C and D depict the genes regulated only by UVA+B or only by SUN
and the genes commonly regulated by both irradiations in young (Fig. 32C) and old (Fig. 32D)
fibroblasts. These diagrams illustrate that only a part of the genes is regulated by both UVA+B and
SUN (307 in young, 116 in old fibroblasts), and a large fraction of genes are uniquely regulated

by either the UV spectrum or the entire solar spectrum.

This quantitative comparison of DEGs nicely demonstrated that young and old fibroblasts respond
differently to irradiation and only a small number of genes was commonly regulated, showing the
same response to irradiation in young and old fibroblasts (these genes are listed in Table 18 in the
appendix). It also shows that the irradiation with UVA+B or SUN trigger considerably different
responses on the gene expression level. The fact that a great percentage of genes was regulated
only by UVA+B clearly shows that irradiation with the entire solar spectrum is not just a summation

of the effects of the single wavelengths.
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Figure 32: Regulated genes in young and old fibroblasts in response to irradiation

Venn diagrams displaying unique and shared differentially expressed genes in response to (A) UVA+B or
(B) SUN irradiation. Number of genes in the green circles represent genes uniquely up- or downregulated
in young fibroblasts. Number of genes in the blue circles represent genes uniquely up- or downregulated in
old fibroblasts. The overlapping part represents the shared genes that are similary up- or downregulated in
young and old fibroblasts. (C) and (D) display the number of genes that are uniquely regulated by UVA+B
or SUN and the number of genes commonly regulated by UVA+B and SUN in (C) young and (D) old
fibroblasts.
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3.2.11.2.1 Differential Gene Expression of Young Fibroblasts

Lists of DEGs for the comparisons “young control” vs. “young UVA+B”, “young control” vs. “young
SUN?”, “old control” vs. “old UVA+B” and “old control” vs. “old SUN” were generated. Genes with
an adjusted p-value lower than 0.05 and a significant log2-foldchange (L2FC) unequal 0 were
considered as significantly up- or downregulated. Only relevant genes of interest are discussed

here, the complete lists are provided in the supplementary digital data.

To link the regulated genes to biological processes, cellular components or molecular functions,
the significantly up- or downregulated genes of a sample group comparison were submitted to
Gene Set Enrichment Analysis (GSEA) and compared to categories defined in gene lists of Gene
Ontology (GO). The 10 most significantly enriched gene sets, or GO terms, in up-or

downregulated genes are summarized in Fig. 33.

Many of the GO categories that stood out in the young fibroblast in response to irradiation (both
UVA+B and SUN) were connected to the extracellular matrix. Importantly, that accounted
especially for the downregulated genes. Elastin (ELN) as well as several collagens (see Table 14)
were downregulated. COL1A1, encoding the main structural component of the dermis, Collagen
type 1, had the highest expression level in the group of genes downregulated after UVA+B and

SUN exposure, followed by COL3A1, encoding collagen type |ll.

Also connected to the ECM and its remodeling are the MMPs. Among the significant DEGs we
found five MMPs (MMP-1, 3, 9, 11 and 19) and, in the case of UVA+B exposure, also the inhibitor
TIMP2. MMP-1 was upregulated after UVA+B or SUN exposure. This upregulation was confirmed
by the pro-MMP-1 ELISA, that also showed an (non-significant) increase of secreted pro-MMP-1
in the conditioned media of young SEs irradiated with UVA+B or SUN. MMP-3 and MMP-9 were
both found to be upregulated in the DGE analysis, but both had a very low expression level. This
was again reflected in the ELISAs, where MMP-3 was only present in small amounts and MMP-9
could not be detected at all in the conditioned media. MMP-11 and MMP-19 were downregulated
in response to UVA+B and SUN in the DGE analysis. The MMP-inhibitor TIMP-2 was slightly
downregulated (L2FC -0.5) after UVA+B exposure. This downregulation did not seem to be
prominent enough to alter the protein content as measured by ELISA in the conditioned media of

the SEs. Rather, the level of TIMP2 remained largely unaltered (see Fig. 27B).

Among the significant DEGs regulated upon UVA+B as well as SUN exposure, several genes
came up that are connected to the MAPK and the NFkB signaling pathway (Table 14). As both
signaling pathways are known to be involved in the process of photoaging (Choi et al. 2016; Fisher
and Voorhees 1998; Shin et al. 2019), our data highlights their relevance also for our model of

irradiating SEs with young fibroblasts.
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Interestingly, the Cartilage Intermediate Layer Protein (CILP) was among the top 3 most
significantly regulated genes. It was downregulated in both UVA+B and SUN-treated samples. As
CILP is associated with the cartilage ECM and thought to inhibit TGFB1-mediated induction of
cartilage matrix genes via its interaction with TGFB1 (Gross and Thum 2020), this further points

to a role for UV/SUN in regulating cartilage-specific genes.

Taken together, the RNA-Seq analysis of the young fibroblasts isolated from non-irradiated and
irradiated SEs, demonstrated that especially the dermal ECM is affected by chronic irradiation.
Most importantly, the most essential structural component, collagen type |, described to be
downregulated in several studies of acute UV irradiation (Quan et al. 2004; Fisher et al. 1997),
were also downregulated in response to both chronic UVA+B and SUN thereby confirming this

regulation but also highlighting the relevance of our model of young fibroblasts for these studies.
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Figure 33: Results of Gene Set Enrichment Analysis (GSEA) of young dermal fibroblasts

Shown are the 10 most significantly enriched gene sets in differentially regulated genes (adj. p < 0.05) in
the comparison between (A) control vs. UVA+B and (B) control vs. SUN, using gene ontology (GO)
categories. On the left, upregulated gene sets are displayed in red, on the right downregulated gene sets
are displayed in blue.
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Table 14: Differentially expressed genes in young fibroblasts
Young Dermis UVA+B
Gene L2FC adj. p-value
ECM
CILP Cartilage Intermediate Layer Protein -2,75 3,16E-26
COL14A1 Collagen Type XIV Alpha 1 Chain -3,21 6,92E-42
COL1A1 Collagen Type | Alpha 1 Chain -1,20 1,46E-07
COL21A1 Collagen Type XXI Alpha 1 Chain -2,34 8,18E-09
COLS3A1 Collagen Type Il Alpha 1 Chain -0,87 9,37E-05
COL18A1 Collagen Type XVIII Alpha 1 Chain 0,72 5,87E-04
COL15A1 Collagen Type XV Alpha 1 Chain -1,56 7,44E-04
COL5A3 Collagen Type V Alpha 3 Chain -0,71 1,29E-03
COL5A2 Collagen Type V Alpha 2 Chain -0,87 2,28E-03
COL12A1 Collagen Type Xl Apha 1 Chain -0,82 3,64E-02
COL5A1 Collagen Type V Alpha 1 Chain -0,62 4,70E-02
ELN Elastin -2,39 2,32E-15
MMPs
MMP1 Matrix Metalloproteinase 1 3,19 0,001
MMP11 Matrix Metalloproteinase 11 -1,42 0,002
MMP19 Matrix Metalloproteinase 19 -0,80 0,006
MMP9 Matrix Metalloproteinase 9 3,27 0,027
MMP3 Matrix Metalloproteinase 3 2,09 0,038
TIMP2 Tissue Inhibitor of Metalloproteinases 2 -0,50 0,050
Pathways
TGFBI Transforming Growth Factor Beta Induced 2,25 1,15E-26
MAP3K2 Mitogen-Activated Protein Kinase Kinase Kinase 2 -9,94 3,91E-07
MAP3K5 Mitogen-Activated Protein Kinase Kinase Kinase 5 1,52 5,69E-04
JUNB JunB Proto-Oncogene, AP-1 Transcription Factor 0,56 1,30E-02
Subunit
MAPKAPK2  MAPK Activated Protein Kinase 2 0,79 9,36E-03
NFKB2 Nuclear Factor Kappa B Subunit 2 1,16 7,21E-04
NFKBIA NFKB Inhibitor Alpha -0,66 1,99E-03
RELB RELB Proto-Oncogene, NF-KB Subunit 2,21 8,42E-05
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Young Dermis SUN
Gene L2FC adj. p-value
ECM
CILP Cartilage Intermediate Layer Protein -3,08 1,52E-39
COL14A1 Collagen Type XIV Alpha 1 Chain -3,21 9,23E-28
COL1A1 Collagen Type | Alpha 1 Chain -1,56 6,53E-15
COLS3A1 Collagen Type Il Alpha 1 Chain -1,07 3,13E-10
COL15A1 Collagen Type XV Alpha 1 Chain -1,51 3,94E-10
COL1A2 Collagen Type | Alpha 2 Chain -0,79 1,60E-05
COL5A1 Collagen Type V Alpha 1 Chain -0,79 8,96E-05
COL21A1 Collagen Type XXI Alpha 1 Chain -1,65 3,35E-03
ELN Elastin -2,07 4,20E-20
MMPs
MMPA Matrix Metalloproteinase 1 3,19 1,70E-20
MMP3 Matrix Metalloproteinase 3 3,10 2,25E-05
MMP11 Matrix Metalloproteinase 11 -1,31 1,59E-04
MMP19 Matrix Metalloproteinase 19 -1,00 3,48E-04
MMP9 Matrix Metalloproteinase 9 3,43 1,27E-03
Pathways
TGFBI Transforming Growth Factor Beta Induced 2,19 1,80E-24
NFKBIA NFKB Inhibitor Alpha -1,61 3,02E-12
FOS Fos Proto-Oncogene, AP-1 Transcription Factor Subunit  -1,24 1,51E-06
FOSB FosB Proto-Oncogene, AP-1 Transcription Factor -1,83 6,33E-06
Subunit
NFKBIZ NFKB Inhibitor Zeta -1,71 1,18E-05
TGFB3 Transforming Growth Factor Beta 3 -5,38 2,33E-03
RELB RELB Proto-Oncogene, NF-KB Subunit 1,19 7,12E-03
MAPKAPK2 MAPK Activated Protein Kinase 2 0,81 1,02E-02
JUND JunD Proto-Oncogene, AP-1 Transcription Factor -0,85 3,45E-02

Subunit
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3.2.11.2.2 Differential Gene Expression of Old Fibroblasts

Analyzing the old fibroblasts in more detail, DGE and GSEA were performed as described before.
Again, the most significantly up- or downregulated GO categories in response to UVA+B
(Fig. 34A) or SUN (Fig. 34B) exposure were connected to the extracellular region/ extracellular

matrix organization. Differentially expressed genes of interest are summarized in Table 15.

Upon irradiation with UVA+B, elastin (ELN) was downregulated, as well as collagen type |
(COL1A1) and the BM-type collagen, collagen type IV (COL4A1, COL4A2, COL4A4, COL4AS).
In agreement with that, a slight reduction of CollV protein was also found in the IIF staining of
UVA+B exposed SEs. The irradiation with SUN similarly led to a downregulation of elastin, but not
a significant downregulation of COL1 or COL4, demonstrating differences in the regulation upon

solar UV (UVA+B) versus the entire solar spectrum (SUN).

Similar upregulation was seen for two ECM components, DCN (decorin), that plays a role in the
assembly of collagen fibrils, and FBN2 (Fibrillin 2), involved in elastic fiber assembly. Likewise,
HAS?2, which encodes the enzyme hyaluronan synthase 2, was upregulated upon UVA+B and
SUN irradiation, being in good agreement with the increased HA content that was detected by IIF

staining of irradiated SEs with old fibroblasts.

Concerning the regulation of cartilage-related genes, interestingly, COL11 and HAPLN1 were
found to be significantly downregulated in response to UVA+B irradiation while exposure to SUN
did not induce significant downregulation of these genes. In both scenarios, UVA+B and SUN
irradiation, however, we found several other genes related to chondrocytes and the regulation of
cartilage matrix. These included SOX9 and COMP (Cartilage Oligomeric Matrix Protein), also
known as thrombospondin-5, MMP13, and the collagens COL9A2 and COL22A1, that are both
associated with the ECM of cartilage. Importantly, all those cartilage-related genes were
downregulated in response to UVA+B and SUN. The only one upregulated was GDF5 (Growth
Differentiation Factor 5) also called Cartilage-Derived Morphogenetic Protein 1 (CDMP1), a
growth factor involved in bone and cartilage formation, that regulates differentiation of

chondrogenic tissues via TGF-B signaling.

The most significant DEG in both UVA+B and SUN exposed samples was MYH11 (Myosin heavy
chain), a major component of smooth muscle myosin, that was strongly downregulated. Several
other genes that are connected to the smooth muscle contractile fibers or the myofibroblast
phenotype also stood out in the response to both UVA+B and SUN (specified in Table 15). These
included TPM1 (tropomyosin 1), ACTG2 (Actin Gamma 2, Smooth Muscle) and ACTA2 (Actin
Alpha 2, Smooth Muscle), encoding the myofibroblast marker a-SMA. All the mentioned genes in

this group were downregulated, thus correlating well with the results from the IIF staining for a-
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SMA in old SEs and strongly supporting our finding that upon irradiation the number of
myofibroblasts declines. It further suggests that UV or solar radiation is regulating a-SMA at the

transcriptional level.

Together, the gene expression analysis for the old fibroblasts isolated from irradiated and non-
irradiated SEs demonstrated that the dermal ECM is an important target of irradiation and that
both UVA+B and SUN exposure lead to a regulation of ECM-related genes. Several cartilage-
related genes were found to be downregulated, arguing against the hypothesis that the irradiation
with UVA+B or SUN directly induces the expression of the aberrant, cartilage-like matrix
components. Another important result of the analysis was the downregulation of myofibroblast

markers, suggesting either a loss or a redifferentiation of the myofibroblast phenotype.
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Figure 34: Results of Gene Set Enrichment Analysis (GSEA) of old dermal fibroblasts

Shown are the 10 most significantly enriched gene sets in differentially regulated genes (adj. p < 0.05) in
the comparison between (A) control vs. UVA+B and (B) control vs. SUN, using gene ontology (GO)
categories. On the left, upregulated gene sets are displayed in red, on the right downregulated gene sets
are displayed in blue.
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Table 15: Differentially expressed genes in old fibroblasts

Old Dermis UVA+B

Gene

ECM
HAS2
FBNZ2
DCN
COL4A4
COL4A1

ELN

COL1A1

COL4A5

COL4A2

FBN1

Gene Name

Hyaluronan Synthase 2

Fibrillin 2

Decorin

Collagen Type IV Alpha 4 Chain

Collagen Type IV Alpha 1 Chain
Elastin

Collagen Type | Alpha 1 Chain
Collagen Type IV Alpha 5 Chain
Collagen Type IV Alpha 2 Chain

Fibrillin 1

Myofibroblast phenotype

MYH11
ACTG2
TPM1
ACTA2
MYLK
MYH14
ACTG1
MYH9

Myosin Heavy Chain 11

Actin Gamma 2, Smooth Muscle
Tropomyosin 1

Actin Alpha 2, Smooth Muscle
Myosin Light Chain Kinase
Myosin Heavy Chain 14

Actin Gamma 1, Smooth Muscle

Myosin Heavy Chain 9

Chondrocyte/Cartilage-related phenotype

COL22A1
COL9A2
MMP13
SOX9
COMP

GDF5

Collagen Type XXII Alpha 1 Chain

Collagen Type IX Alpha 2 Chain
Matrix Metallopeptidase 13
SRY-Box Transcription Factor 9

Cartilage Oligomeric Matrix Protein

(Thrombospondin-5)

Growth Differentiation Factor 5

L2FC

1,92
1,26
1,07
1,67
-0,72

-0,68
-0,83
-1,61
-0,71

1,06

-4,02
-2,64
-1,40
-1,86
1,15
-3,33
-0,59
-0,88

-3,26
-2,26
5,60
-2,94
-1,11

2,78

adjusted p-
value

2,39E-29
9,02E-15
1,01E-06
1,13E-04
1,37E-03

2,76E-03
3,04E-03
6,50E-03
8,75E-03

1,94E-02

1,04E-50
1,12E-16
1,79E-21
1,01E-12
1,45E-11
6,91E-06
1,58E-05
2,52E-04

3,18E-08
3,90E-10
1,76E-27
4,62E-15
4,46E-11

4,07E-22
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COL11A1 Collagen Type Xl Alpha 1 Chain -0,94 1,20E-04
HAPLN1 Hyaluronan And Proteoglycan Link Protein 1 -1,10 2,93E-03
HAPLN3 Hyaluronan And Proteoglycan Link Protein 3 -0,99 4,94E-02
CILP Cartilage Intermediate Layer Protein -0,91 2,00E-02
CILP2 Cartilage Intermediate Layer Protein 2 -0,65 3,48E-03
Old Dermis SUN
ECM
HAS2 Hyaluronan Synthase 2 1,66 1,09E-03
DCN Decorin 1,22 4,24E-02
FBN2 Fibrillin 2 1,23 5,00E-02
Myofibroblast phenotype
MYH11 Myosin Heavy Chain 11 -6,13 8,79E-21
CNN1 Calponin 1 -2,61 5,94E-05
TPMA1 Tropomyosin 1 -1,46 9,68E-05
ACTA2 Actin Alpha 2, Smooth Muscle -1,60 1,25E-02
ACTG2 Actin Gamma 2, Smooth Muscle -1,87 1,77E-02
TAGLN Transgelin -1,65 2,28E-03
Chondrocyte/Cartilage-related phenotype
COL22A1 Collagen Type XXII Alpha 1 Chain -4,20 1,98E-02
COL9A2 Collagen Type IX Alpha 2 Chain -2,50 3,51E-02
MMP13 Matrix Metallopeptidase 13 -4,76 4,41E-06
SOX9 SRY-Box Transcription Factor 9 -3,28 1,10E-04
COMP Cartilage Oligomeric Matrix Protein -1,08 2,17E-02

(Thrombospondin-5)
GDF5 Growth Differentiation Factor 5 2,46 1,52E-03
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3.2.11.3  Differential Gene Expression in the Epidermis

As described earlier, RNA from the epidermis was processed separate from the dermal equivalent

in order to be able to analyze the gene expression pattern in both compartments individually.

Similar to the dermal samples, lists of DEGs were prepared and analyzed for enrichment of gene
sets belonging to a certain GO category. Comparisons were done for “young control” vs. “young

UVA+B” and “young control” vs. “young SUN”.

The most significantly enriched gene sets in response to UVA+B were “keratinization”, “epidermis

development”, “cornified envelope” and “desmosomes” (Fig. 35A). In response to SUN, we also

found “keratinization” and “epidermis development”, together with “cornification” (Fig. 35B).

Accordingly, in the lists of DEGs (Table 16), genes connected to late terminal differentiation of
keratinocytes and formation of the cornified envelope were among the most significantly regulated
ones. Two protein families were particularly present in the list of DEGs: SPPRs (small proline-rich
proteins) and LCE (late cornified envelope) proteins. All of the SPRR and LCE genes, specified in
Table 16, were upregulated, with the exception of SPPR3, which was downregulated in both

scenarios, UVA+B and SUN treatment.

The GSEA and DGE analysis of the epidermis of young SEs suggested a late
differentiation/cornification-inducing effect of UVA+B and SUN exposure. Although the epidermis
of old SEs could not be analyzed in the RNA-seq due to technical reasons it could be speculated
that this is a general phenomenon, as the results from the IIF stainings of several differentiation
markers on old SEs clearly demonstrate that improved differentiation particularly accounts for the

epidermis on old fibroblasts.

Young UVA+B vs. Control Young SUN vs. Control

keratinization - epidermis development -
epidermis development -
keratinization -
comified envelope -

comification-
desmosome -

1 2 3 4 0.0 05 10 15 2.0 25
-log10 of adj. p-value -log10 of adj. p-value

o-

Figure 35: Results of Gene Set Enrichment Analysis (GSEA) of epidermal samples

Shown are the 10 most signficantly enriched gene sets in differentially upregulated genes (adj. p < 0.05) in
the comparison between (A) control vs. UVA+B and (B) control vs. SUN, using gene ontology (GO)
categories.
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Table 16: Differentially expressed genes in young epidermis

Young Epidermis

Gene L2FC adj. p-value
UVA+B

ELF3 E74 Like ETS Transcription Factor 3 -1,20 2,20E-01
ELF5 E74 Like ETS Transcription Factor 5 1,93 4,37E-03
LCE2A Late Cornified Envelope 2A 1,41 7,35E-04
LCE3D Late Cornified Envelope 3D 2,16 1,14E-09
LCESE Late Cornified Envelope 3E 1,31 4,52E-03
LCEBA Late Cornified Envelope 6A 1,31 4,97E-03
SPRR2B Small Proline Rich Protein 2B 3,45 5,39E-16
SPRR2D Small Proline Rich Protein 2D 1,93 9,94E-08
SPRR2E Small Proline Rich Protein 2E 2,59 2,13E-15
SPRR3 Small Proline Rich Protein 3 -4,42 3,37E-21
SPRR5 Small Proline Rich Protein 5 2,05 6,24E-06
SUN

ELF3 E74 Like ETS Transcription Factor 3 -2,06 3,24E-04
LCE3A Late Cornified Envelope 3A 3,08 3,28E-02
LCE3D Late Cornified Envelope 3D 1,78 1,94E-06
SPRR2B Small Proline Rich Protein 2B 3,04 4,93E-12
SPRR2D Small Proline Rich Protein 2D 1,41 7,02E-04
SPRR2E Small Proline Rich Protein 2E 1,86 1,95E-07
SPRR2F Small Proline Rich Protein 2F 3,43 2,54E-04

SPRR3 Small Proline Rich Protein 3 -5,07 2,96E-27
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3.3 The Effect of Fibroblast Aging on SEs with Transformed Keratinocytes

Skin cancer, especially non-melanoma skin cancer (NMSC), is a disease of the skin that highly
correlates with age as a result of lifelong sun exposure. Aged (senescent) fibroblasts that
accumulate with aging, are discussed as a tumor-promoting factor (Campisi et al. 2011; Fitsiou et
al. 2021). To identify the role of our old fibroblasts in the development of skin cancer, we
complemented young and old SEs with HaCaT cells, a spontaneously immortalized human
keratinocyte cell line containing UV-type specific p53 mutations and thus representing an early
stage in the multistep process of skin carcinogenesis (Boukamp et al. 1988). To account for
different stages of malignancy, we also produced models with HaCaT-ras A5, benign tumorigenic
cells that can gain invasive potential upon challenge and thus are a paradigm of premalignant skin
keratinocytes; and HaCaT-ras 114, as an example of a malignant tumorigenic cell line that is highly
invasive (Boukamp et al. 1990). As shown before (Berning et al. 2015) the cell-derived matrix skin
equivalents are perfectly suited models to study the invasion behavior of cells. With the HaCaT
models we aimed at elucidating whether and how an “old environment”, i.e., a matrix produced

by aged fibroblasts, affects (pre)malignant keratinocytes.

3.3.1  Morphology of Young and Old SEs with Transformed Keratinocytes

The HaCaT-based models show a different morphology than the NHEK-based models with a
rather aberrantly organized epithelium consisting of only few vital cell layers and a thick
parakeratotic stratum corneum (Fig. 36). This phenotype was characteristic for the HaCaT-SEs

irrespective of being cocultured with young or old fibroblasts.

SEs with HaCaT-Ab present a similar morphology, but with a beginning invasion of epidermal cells
in some cultures. This manifested more as invaginations, only partly breaking through the BM.
These invaginations were only present in some cultures and found in young as well as old SEs,

but slightly more frequent in old SEs.

In SEs with HaCaT-Il4, we found massive invasion of epidermal cells, reaching deep into the
dermal part, irrespective of the age of the fibroblasts forming the DE. In addition, all HaCaT-Il4
cultures displayed so called acantholysis in suprabasal areas, which describes the loss of
intercellular connections and cohesion between keratinocytes, a histological feature seen in

diseases such as pemphigus vulgaris.

Taken together, we were able to establish completely cell-derived skin equivalents that represent
different stages of carcinogenesis and reproduce the invasive behavior of the transformed cells

as seen in in vivo experiments (Boukamp et al. 1990). The histological analysis indicated that the
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different HaCaT cell lines are more independent from the fibroblasts they are co-cultured with and

probably less sensitive to regulatory factors provided by the fibroblasts than the NHEK.

HaCaT HaCaT-ras A5 HaCaT-ras 114

YOUNG

OLD

Figure 36: Histology of young and old Age-SEs complemented with transformed keratinocytes

fdmSEs were established with either young or old fibroblasts and the transformed keratinocyte cell lines
HaCaT, HaCaT-ras A5 or HaCaT-ras ll14. H&E staining was performed on paraffin sections. Displayed are
representative histological images of young and old SEs after 4 weeks of co-culture. The different
keratinocytes show a distinct invasion behavior: HaCaT are non-tumorigenic keratinocytes that produce a
parakeratotic stratum corneum, HaCaT-ras A5 are benign tumorigenic and form invaginations, HaCaT-ras
[14 are malignant keratinocytes that massively invade the DE.The scale bar represents 100 um.

3.3.2  Evaluation of Epidermal Differentiation, Basement Membrane and Dermal ECM of Young
and Old SEs with Transformed Keratinocytes

To assess the differentiation status as well as the BM formation and the collagen network of the
DE, we stained for several markers that were already used and described for the NHEK models:
K10 and K2 for early and late epidermal differentiation, ColVIlI as marker for BM integrity and Coll

as the main structural component of the dermal equivalent (depicted in Fig. 37).

Other than in NHEK-SEs, the epidermal differentiation in HaCaT models, visualized by K10
(Fig. 37A) and K2 (Fig. 37B), did not display obvious differences between models based on young
or old fibroblasts. In HaCaT- as well as HaCaT-A5-SES, K10 was expressed in all suprabasal
layers and K2 was only sparsely expressed and not restricted to the uppermost layer but scattered
all over the epidermal part, again showing the disorganized differentiation pattern of HaCaT
epithelia. In HaCaT-Il4 cultures, not all suprabasal cells expressed K10, leaving larger areas with
undifferentiated cells. K2 was not present at all in HaCaT-ll4 epithelia. This indicates that early
differentiation is not induced in all cells and late differentiation is not induced at all in these
malignant cells. Expression of ColVIl, a major component of the BM, was similar in intensity and

distribution in young and old SEs (Fig. 37A). It was displayed as a more or less continuous line
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between epidermal and dermal part in HaCaT- and HaCaT-A5-SEs, as seen in NHEK-SEs as well.
Models complemented with HaCaT-Il14 did not show this typical linear pattern but a rather chaotic
expression, indicating an erosion of the basement membrane or an incorrect assembly of its
components. Coll expression displayed major differences between young and old SEs (Fig. 37B).
The collagen meshwork appeared much denser in young cultures whereas the old DE showed

bigger holes and a looser structure. This was true for all HaCaT variants, also A5 and Il4.

These findings support the hypothesis that the different HaCaT cell lines (HaCaT, A5 and 114) are
more independent of the age of the fibroblasts included in the DE than NHEK, also in respect to

epithelial differentiation and BM assembly.

A HaCaT HaCaT-A5 HaCaT-ll4
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HaCaT HaCaT-A5 HaCaT-lI14

Figure 37: Epidermal differentiation, BM and DE in HaCaT-, HaCaT-A5- and HaCaT-l14-SEs

fdmSEs were established with either young or old fibroblasts and transformed keratinocytes. IIF stainings
for (A) keratin 10 (K10, green) and collagen type VII (ColVIl, red) and (B) keratin 2 (K2, green) and collagen
type | (Coll, red) were performed on frozen sections. Displayed are representative images of SEs after 4

weeks of co-culture. With increasing malignancy of the epidermal cells, the differentiation and BM formation
were more dysregulated. The Coll network was less dense in old DEs. Scale bar represents 100 pm.

YOUNG

OLD
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3.4 Radiation Response of Young and Old Age-SEs With Transformed
Keratinocytes

Young and old Age-SEs with transformed keratinocytes (HaCaT, HaCaT-A5 and HaCaT-Il4) were
subjected to the same irradiation regime as the NHEK-based SEs before, namely chronic
irradiation for two weeks three times a week with 1 MED of either the solar UV spectrum (UVA+B)
or the entire solar spectrum (SUN). With this we wanted to address the question how irradiation
affects transformed keratinocytes and if the treatment is promoting tumorigenic transformation i.e.
inducing an invasive phenotype even in non-tumorigenic HaCaT cells. Furthermore, we wanted to
investigate if the altered matrix of aged fibroblasts is more permissive for invasive growth and thus

adds to UV-dependent carcinogenesis.

3.4.1 Morphology and Invasion

The morphology of irradiated and non-irradiated young and old SEs complemented with HaCaT
variants are depicted in Figure 38. Upon chronic irradiation of young HaCaT-SEs, we found a
slightly more stratified epithelium with a more condensed though still parakeratotic stratum
corneum. So, irradiation seemed to rather improve the skin status towards a more normally
organized epithelium, as seen in NHEK-SEs. This was not the case in HaCaT-SEs with old

fibroblasts.

HaCaT-A5-SEs, as described in the previous chapter, displayed invasive buds or invaginations.
This was found in young as well as old SEs, but more often in old SEs. Irradiation with UVA+B or
SUN did not increase the appearance of these invaginations, neither in young nor in old HaCaT-
A5-SEs. Figure 39 depicts examples of invasive sites in HaCaT-A5-SEs, where epidermal cells
were breaking through the BM, indicated by disrupted ColVIl staining. The invading cells partly
lose their keratin expression (indicated by pan-keratin staining), which is one hallmark for epithelial

mesenchymal transition (EMT) (Barriere et al. 2015; Fortier, Asselin, and Cadrin 2013).

In HaCaT-114-SEs the age of the fibroblasts did not obviously influence the morphology of the SE
or invasive behavior of the epithelial cells (Fig. 38). Irrespective of the young or old DE, the HaCaT-
[14 were highly invasive. Remarkably, irradiation (both UVA+B and SUN) did not induce or

aggravate invasion in any case, on the contrary, invasion was rather reduced.

These findings demonstrate that a chronic irradiation regime of two weeks is clearly not sufficient
to induce tumorigenic conversion of premalignant cells or to further push invasive behavior of

already malignant cells.
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Figure 38: Effect of irradiation on the histology of young and old HaCaT-, HaCaT-A5- and HaCaT-l14-SEs
Young and old SEs complemented with HaCaT (upper panel), HaCaT-ras A5 (middle panel) or HaCaT-ras
[14 (lower panel) keratinocytes were chronically irradiated with either the solar UV spectrum (UVA+B) or the
entire solar spectrum (SUN) over the period of two weeks and compared to non-irradiated controls. H&E
staining was performed on paraffin sections. Displayed are representative histological images of young and
old SEs. Irradiation did not induce or increase invasive growth of epidermal cells, neither in young nor old
SEs, but rather reduced the massive invasion of HaCaT-ras 114. The scale bar represents 100 um.
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Pan-K

Figure 39: Examples of invasion sites

Shown are exemplary pictures of invasion sites in HaCaT-A5 SEs (from left to right: young UVA+B, old
UVA+B, old SUN), where epidermal cells are breaking through the BM. Collagen type VII (ColVII, red) is
disrupted at the invasion sites and keratinocytes are losing the pan-keratin (Pan-K, green) staining. The
scale bar represents 100 um.

3.4.2 Effect of Irradiation on Differentiation, Basement Membrane and Dermal ECM

The differentiation, BM formation and collagen content of the DE in the HaCaT models were
evaluated after irradiation with UVA+B and SUN by staining for the known markers K10, K2, ColVI|
and Coll (Fig. 40).

The expression pattern of the markers in the different models (HaCaT, HaCaT-A5 and HaCat-114)
has been described in 3.3.2. Other than for the NHEK-SEs, the early and late differentiation as
well as the BM formation of HaCaT/A5/114-SEs seemed to be not so much dependent on the DE

and the age of the fibroblasts included and therefore looked similar in young and old SEs.

In HaCaT-SEs, the early differentiation, represented by K10 (Fig. 40A), and the late differentiation,
represented by K2 (Fig. 40B), were not altered by irradiation with UVA+B or SUN, neither in young
nor old SEs. ColVIl expression was slightly reduced by irradiation (both UVA+B and SUN) and
showed more interruptions (Fig. 40A). The collagen network in the DE, visualized by Coll staining
(Fig. 40B), was very dense in the young HaCaT-SEs and appeared looser with more holes in the

old SEs. Irradiation did not further alter that phenotype.

In HaCaT-A5-SEs, similar to the observations in the HaCaT-SEs, the differentiation and Coll
network were not altered by irradiation. ColVIl in young and old HaCaT-A5-SEs was not expressed
in a continuous line like in HaCaT models but interrupted. Expression was again slightly reduced
by irradiation with UVA+B or SUN (Fig. 40A). This suggests a degradation of the BM, which is one

necessary step for the invasion of epithelial cells into the dermal compartment.

Young and old HaCaT-Il14-SEs displayed a chaotic and reduced K10 expression that was further
reduced by UVA+B and SUN irradiation (Fig. 40A). K2 was completely missing in all HaCaT-l14-
SEs (Fig. 40B), which again supports the finding of a dysregulated terminal differentiation of these
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malignant cells. ColVIl was not expressed in the typical linear pattern but disrupted and chaotic
(Fig. 40A). In both young and old SEs, irradiation (UVA+B and SUN) did further reduce ColVIl and
expression was scattered over the entire epithelium, showing a defective BM assembly in HaCaT-

[14-SEs. Coll expression again was not altered by irradiation (Fig. 40B).

Taken together, the SEs with transformed keratinocytes displayed clear differences dependent on
the keratinocyte variant (HaCaT, -A5, or I14) with an increasing deregulation of differentiation and
BM formation with increasing malignancy of the keratinocytes. The age of the fibroblasts however
did not significantly affect the epithelium and the response to irradiation. The strongest effect of

the irradiation was found on ColVII which was reduced.
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Figure 40: Effect of irradiation on differentiation, BM and DE of young and old HaCaT-, HaCaT-A5- and
HaCaT-I14-SEs

Young and old SEs complemented with HaCaT (upper panel), HaCaT-ras A5 (middle panel) or HaCaT-ras
[14 (lower panel) keratinocytes were chronically irradiated with either the solar UV spectrum (UVA+B) or the
entire solar spectrum (SUN) over the period of two weeks and compared to non-irradiated controls. IIF
staining for (A) keratin 10 (K10, green) and collagen type VII (ColVIl, red) and (B) keratin 2 (K2, green) and
collagen type | (Coll, red) was performed on frozen sections. Displayed are representative images of young
and old SEs. ColVIl expression was slightly more disrupted in irradiated SEs compared to controls in HaCaT-
and HaCaT-A5-SEs. In HaCaT-I14-SEs differentiation and BM assembly were completely disturbed and this
was even aggravated by irradiation. K2 was slightly decreased by irradiation and not present at all in HaCaT-
[14 SEs. Coll network was less dense in old SEs. The scale bar represents 100 um.



RESULTS 101

3.4.3 MMP-1 Induction by Irradiation

An essential step in tumorigenesis is the degradation of the BM and ECM that allows tumor cells
to migrate and invade the surrounding tissue. Especially MMP-1 has been shown to be connected
to tumor progression in cSCCs (Lederle et al. 2011). Thus, we measured the level of secreted
pro-MMP-1 in the conditioned media of young and old HaCaT, HaCaT-A5 and HaCaT-I14-SEs,
that was collected 24 h after the last irradiation (Fig. 41). The irradiation with UVA+B and SUN led
to a significant increase of pro-MMP-1 in young and old HaCaT-SEs, in young HaCaT-A5-SEs and
in young HaCaT-Il4-SEs. In old HaCaT-A5 and -114-SEs no induction of pro-MMP-1 by irradiation
was observed. Interestingly, the strong induction of pro-MMP-1 in all HaCaT models with young
fibroblast was the opposite of what was seen in NHEK-SEs, where pro-MMP-1 was only induced

in SEs with old fibroblasts (see 3.2.8.2).
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Figure 41: Levels of secreted pro-MMP1 in HaCaT-, HaCaT-A5- and HaCaT-Il4-SEs

Young and old SEs were chronically irradiated with either the solar UV spectrum (UVA+B) or the entire solar
spectrum (SUN) over the period of two weeks and compared to non-irradiated controls. Conditioned media
was collected 24h after the last irradiation and used to detect secreted pro-MMP1 in HaCaT-SEs (left),
HaCaT-A5-SEs (middle) and HaCaT-ll4-SEs (right) by ELISA. Irradiation induced increased pro-MMP-1
secretion in young SEs. In old SEs a significant induction was only seen in HaCaT-SEs. Error bars represent
the standard error mean. Two-way-ANOVA,; * = p <0.05; ** p < 0.01; *** p < 0.001; *** =p <0.0001; n=3.
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3.4.4  Analysis of Desmosomes in HaCaT-I14-SEs

As described in chapter 3.4.1, we found a loss of adhesion between keratinocytes, so called
acantholysis, in the epidermis of HaCaT-ll14-SEs. This phenomenon is known from several diseases
and caused by defects in desmosomal components. Desmosomes are intercellular junctions,
mediating cell-cell adhesion in the epidermis. By staining for different desmosomal proteins, the
cadherins desmoglein 1 (Dsg1) and 3 (Dsg3) and desmoplakin (Dsp), we investigated if the age
of the DE or the irradiation treatment would affect the integrity of the desmosomes in HaCaT-I14-
SEs.

In normal human skin, Dsg3 is predominantly distributed throughout the lower layers of the
epidermis, while Dsg1 is mainly expressed in the upper layers. Both are targets in the
autoimmune blistering diseases pemphigus vulgaris and pemphigus foliaceus (Payne et al.
2004). Desmoplakin tethers the desmosomal cadherins to the intermediate filament cytoskeleton

and is normally expressed throughout the epidermis (Delva, Tucker, and Kowalczyk 2009).

In the HaCaT-14-SEs, both young and old, Dsg1 was only expressed in minor amounts and
expression was not changed with irradiation (UVA+B or SUN), as depicted in Figure 42C. Dsg3
(Fig. 42A) and Dsp (Fig. 42B) showed a similar expression pattern and similar changes after
irradiation. In young and old control SEs, both proteins were expressed abundantly all over the
epidermis, up to the most superficial layers. Exposing the SEs to either UVA+B or SUN led to a
more restricted expression in the lower and middle part of the epidermis. No major differences

were observed between young and old SEs.
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Figure 42: Effect of irradiation on desmosome components in HaCaT-114-SEs

The integrity of desmosomes was assessed in young and old HaCaT-ll4-SEs by IIF staining for the
desmosome components (A) desmoglein 3, (B) desmoplakin and (C) desmoglein 1. Desmoglein 3 as well
as desmoplakin expression was found up to the uppermost layers of the control SEs but was reduced and
more restricted to the middle part of the epithelium after irradiation. Desmoglein 1 was only expressed in
minor amounts in controls and irradiated SEs. The scale bar represents 100 pm.
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3.4.5 Effect of Irradiation on the Proliferation of SEs with Transformed Keratinocytes

To evaluate the influence of irradiation on the proliferative behavior of the different SEs, they were
stained for Ki67, and the proliferation index was quantitatively determined by half-automated cell
counting as described before. In addition, IIF staining illustrated the localization of proliferating
cells within the tissue. Three replicates of each treatment were analyzed, and pictures were taken

from three different areas of the section. All cultures were harvested 24 h after the last irradiation.

Looking at the immunofluorescent staining (Fig. 43A), the distribution of proliferating cells differed
considerably between the different cell lines. In HaCaT-SEs Ki67-positive cells were almost only
present in the basal layer or near the basal layer, while in HaCaT-A5-SEs positive cells were also
found in suprabasal areas of the epithelium and particularly focused on those regions that showed
invaginations or starting invasion. In HaCaT-Il4-SEs proliferating cells were randomly spread all

over the entire epidermal part, not restricted to any specific area.

By counting Ki67+ cells, the proliferation rate was determined (Fig. 43B). In HaCaT-SEs, neither
the age of the fibroblasts nor the irradiation with UVA+B or SUN did have a significant impact on
the proliferation. In young SEs, irradiation slightly increased the percentage of proliferating cells
(from 12.75 £ 2.66 % to 14.04 + 1.63 % with UVA+B and 15.06 + 4.85 % with SUN), in old SEs
irradiation it slightly reduced it (from 16.15 + 4.35 % to 11.87 £ 1.89 % with UVA+B and 10.65 +
3.23 % with SUN), but both trends were not statistically significant.

In HaCaT-Ab5-SEs, proliferation rates of controls were similar to HaCaT-SEs. Irradiation with
UVA+B as well as SUN decreased proliferation rate in both young (from 11.81 + 4.24 % to
7.72 + 2.43 % with UVA+B and 7.20 + 6.80 with SUN) and old (from 15.72 + 7.35 % to 7.53 +
1.93 % with UVA+B and 6.88 + 3.07 % with SUN) HaCaT-A5-SEs. This decrease was only

statistically significant for the old samples

Epithelia with HaCaT-I14 cells had the highest proliferation rates, with a percentage of around 28 %
of proliferating cells in young and old controls. Irradiation with UVA+B or SUN did significantly
reduce proliferation in young SEs (from 28.51 + 2.27 % to 17.72 + 1.80 % with UVA+B and 18.60
+2.70 % with SUN). In old SEs, there was no significant reduction (from 27.98 + 7.71 % in controls
to 28.18 + 0.73 % with UVA+B and 25.43 + 2.73 % with SUN). Taken together, proliferation in
HaCaT epithelia seemed to be less dependent on the underlying DE than it was seen in NHEK
epithelia. The effect of irradiation was only statistically significant in two cases (HaCaT-A5 old and
HaCaT-Il4 young), but the overall tendency was rather a reduction than an induction of
proliferation. There was no difference between irradiation with UVA+B or SUN. To account for

inter-experimental variations, we analyzed another independent experiment with similar results.
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Figure 43: Proliferation of epidermal cells in HaCaT-, HaCaT-A5- and HaCaT-Il4-SEs

Proliferation of epidermal cells was determined in non-irradiated control SEs and SEs irradiated with UVA+B
or SUN for 2 weeks. The rate of proliferating cells was assessed 24 h after the last irradiation by (A) staining
for pan-keratin and Ki67 and (B) counting all epidermal cells and Ki67+ cells with an Imaged macro. (A)
displays the localization of proliferating cells within the epithelia. Scale bar =100 um. (B) Quantification of
Ki67+ cells. One-way ANOVA (comparison within one cell type); * = p-value < 0.05; ** p-value < 0.01; n=3
(with 3 analyzed sections each).
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3.4.6  Evaluation of the Skin Barrier in SEs with Transformed Keratinocytes

The slightly improved stratification and stratum corneum formation of HaCaT-SEs seen in the H&E
staining together with results from previous studies of our group that showed an upregulation of
genes connected to the skin barrier in HaCaT-SEs (Schardt 2017), led to the idea that this might
be part of an adaptive response of the skin to form a protective shield against UV radiation.
Therefore, we performed the assessment of skin barrier components as described before for the
NHEK models also for the models with the transformed cells by staining for filaggrin and with Nile
Red and subsequently measuring the transepidermal water loss (TEWL). Results are depicted in
Figure 44.

Nile Red staining was performed for the visualization of the lipid content (Fig. 44A). In HaCaT
epithelia (Fig. 44A upper panel), lipid deposition was found all over the thick parakeratotic stratum
corneum and the pattern differed significantly from what was observed in NHEK epithelia. Other
than the lamellar structure that was found in NHEK-SEs, lipid deposition in HaCaT-SEs appeared
more droplet-like, especially in the lower parts of the SC. HaCaT-SEs did not display major

differences between young and old or irradiated and control samples.

In HaCaT-A5-SEs (Fig. 44A, middle panel) the amount of lipids differed between young and old
controls. HaCaT-Ab epithelia based on old DEs contained considerably less lipids than the young
counterparts. Irradiation seemed to slightly increase lipid deposition in both young and old HaCaT-
Ab-SEs. This increase was particularly evident in the young HaCaT-A5-SEs where irradiation led

to a massive accumulation of lipid droplets in the lower part of the SC.

A similar tendency could be observed in HaCaT-Il4-SEs (Fig. 44A, lower panel). In both young
and old SEs, the irradiation caused an increase in lipid content and the formation of a more

compact lipid layer on top.

Distribution of filaggrin in the HaCaT epithelium differed from that in the NHEK epidermis (Fig. 44B,
upper panel). It was not only present in the upper layers of the stratum corneum, but also in areas
closer to the basal layer. All HaCaT samples looked quite similar, irrespective of the age of the

fibroblasts or the irradiation treatment (UVA+B or SUN).

In HaCaT-A5-SEs (Fig. 44B, middle panel), filaggrin was restricted to the more superficial layers
of the epithelium in SEs based on young DEs. In SEs based on old DEs, this localization was
similar, but the expression was clearly reduced. However, irradiation with UVA+B and SUN caused

an upregulation of filaggrin in old SEs that was not observed with young SEs.

In SEs with HaCaT-ll4 (Fig. 44B, lower panel) we found very little filaggrin and expression was

mainly focused near the basal layer in young SEs. Irradiation with UVA+B and SUN slightly
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increased filaggrin expression in those young SEs, but the localization remained the same. In
HaCaT-I14-SEs based on old DEs, filaggrin was hardly expressed and only found in small,
scattered patches. Irradiation with UVA+B or SUN did not lead to noticeable changes. The
reduced filaggrin expression and the localization in lower parts of the epithelium, especially of
HaCaT-ll14-SEs, suggests a disturbed differentiation and barrier formation that correlates well with

the previous analysis of differentiation markers.

To assess the functional consequences of the differences found in skin barrier components, we
again determined the amount of transepidermal water loss (Fig. 44C). As described before, the
TEWL was measured in cooperation with Henkel AG & Co. KGaA in Dusseldorf with the open
chamber device Tewitro®TW 24R. We analyzed three independent replicates for each condition.
The differences in TEWL between the samples were small and not statistically significant.
However, we observed two tendencies that were found in all models (HaCaT, HaCaT A5 and
HaCaT 114): the TEWL of cultures based on old fibroblasts was slightly higher than of that with
young fibroblasts, indicating a slightly higher water loss in old cultures; and the TEWL did not
increase with irradiation with UVA+B or SUN but rather decreased. This tendency might argue for
the hypothesis that exposure to solar radiation could improve the skin barrier but as the differences
were only small and not statistically significant, this experiment would need to be repeated to draw
conclusions. It might also well be that the timeframe of two weeks of irradiation is not long enough
to induce major functional improvements of the skin barrier that can be measured by TEWL or that

the method used is not sensitive enough to detect the subtle changes.

HaCaT-Il4 models had the highest TEWL values which is in line with the results from histological
and immunohistochemical stainings that revealed an impaired stratum corneum and the almost

complete loss of filaggrin as a fundamental component of the skin barrier.
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Figure 44: Evaluation of the skin barrier in HaCaT-, HaCaT-A5- and HaCaT-I14-SEs

Integrity and function of the skin barrier was assessed in non-irradiated control SEs and SEs chronically
irradiated with UVA+B or SUN for 2 weeks by (A) staining with Nile Red to visualize lipids, (B) IIF staining for
filaggrin and (C) functional analysis of the transepidermal water loss (TEWL). The scale bar represents 100

pum. Two-way ANOVA, all n.s.; n=3.
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4 Discussion

4.1 Establishment of a Skin Aging Model

When studying skin aging, it is crucial to choose an appropriate model in which the relevant
processes can be observed. For the scope of this work, the model needed to be of human origin
as well as stable and regenerating over several weeks to enable chronic irradiation studies. To
particularly investigate the role of the fibroblasts and the dermal ECM, the model should resemble
the three-dimensional architecture of skin and allow the interaction between keratinocytes and

fibroblasts as well as potential invasion of epithelial cells.

Thus, 3D skin equivalents were the most suitable option. The first step in establishing an SE is to
generate a DE with fibroblasts. Keratinocytes are then seeded on top and epidermal differentiation
is initiated by exposing the cultures to an air-liquid interphase. Especially the DE needs to be
chosen with care as different dermal compositions come with different advantages and limitations
and the DE strongly influences epidermal regeneration (Boehnke et al. 2007; Thakoersing et al.
2012).

Collagen hydrogels are widely used for SEs and keratinocytes can initially form an intact epidermis
on them. However, collagen based DEs lack stability and have a relatively short lifespan making
them unsuitable for long-term studies. The natural dermal ECM composition and properties, which
play an important role in processes such as ECM remodeling and migration of cells, for example
the stiffness, (Tschumperlin 2013; Friedl et al. 2012), are not well reflected by collagen gels.
Stability of the models can be improved by adding different kinds of scaffolds (Stark et al. 2004;
Berthod et al. 1996; Cooper et al. 1991). In a scaffold based model with hyaluronic acid fibers,
the use of fibrin gels improved colonization of the scaffold and this provisional matrix was
remodeled by the fibroblasts to produce an authentical dermal matrix which improved epidermal
architecture and supported epidermal regeneration for 15 weeks and longer (Boehnke et al.
2007).

These scaffold-based SEs were shown to be well-suited for aging studies in the preceding work
of Sabrina Bauer (Gundermann 2012), however, they proved to be inadequate to study invasion
and tumor growth (Kollar and Boukamp, personal communication). As one of the questions we
wanted to answer in this study, was if irradiation would lead to tumorigenic conversion of the
epithelial cells, f{dmSEs present a reasonable alternative that also allows to investigate invasion.
Cell migration behavior is highly dependent on the surrounding matrix (Even-Ram and Yamada
2005; Wolf et al. 2009) and fdmSEs, complemented with transformed keratinocytes or skin cancer

cell lines, were demonstrated to recapitulate a broad range of histological and molecular features
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of skin cancer (cSCC), including hyperplasia, acantholysis and particularly cell-specific invasion
behavior (Berning et al. 2015).

A range of different techniques have been developed to produce fibroblast-derived matrices, from
dish-based (Chen et al. 2009) to transfer (Ng et al. 2012) and transwell (Pouyani et al. 2009;
Ahlfors and Billiar 2007; ElI Ghalbzouri et al. 2009) approaches. The transwell approach chosen
here was shown to display remarkable similarities to the human dermis in biochemical composition
and mechanical properties. FAOmMDEs were also shown to support epidermal differentiation and
regeneration over long culture periods (Berning et al. 2015; El Ghalbzouri et al. 2009) which
makes them a suitable model for long-term studies. This is important when studying the effects of

repetitive UV and sunlight exposure over several weeks.

Compared to collagen- or scaffold-based SEs, the fdmSEs established here comprise a higher
number of fibroblasts. Studies in our laboratory showed that this accelerated and augmented the
establishment of the aging phenotype, providing us with a highly sensitive model to study relevant

processes in a shorter timeframe.

Currently there are very few models for “aged skin” that reliably reproduce the phenotype of older
skin in vivo. An important consideration for the development of a relevant skin aging model is what
kind of fibroblasts should be used. Several skin equivalents have been developed with senescent
fibroblasts as a model for aging, either generated by prolonged serial passaging (Janson et al.
2013), by applying mitomycin-C resulting in drug-induced accelerated senescence (Diekmann et
al. 2016) or by exposing cells to H.O, to activate stress-induced premature senescence
(Weinmullner et al. 2020). Human SEs generated with these fibroblasts show several of the
characteristics of aged skin in vivo. Senescence is one cellular defense mechanism, driven by
intrinsic (e.g., telomere shortening, ROS) and extrinsic (e.g., UV exposure) influences and as
damage accumulates with aging, the prevalence of senescent cells in different tissues increases
with chronological age, also in skin (Dimri et al. 1995; Ressler et al. 2006; Lewis et al. 2011).
Senescent cells are defined by a permanent cell cycle arrest and undergo phenotypic and
functional alterations. They influence their microenvironment through their specific senescence-
associated secretory phenotype (SASP) and are thought to play a major role in driving the aging
process, which has been covered in many recent reviews (Low et al. 2021; Fitsiou et al. 2021;
Gorgoulis et al. 2019; Cavinato and Jansen-Durr 2017). At the same time the connection between
senescence and aging is still not fully understood and there is an ongoing debate to which extent
senescence contributes to skin aging. Although clinical intervention trials have been less
conclusive so far (reviewed in (Low et al. 2021)), there is increasing evidence for a highly important
role of senescent cells and recently there has been a surge of interest in targeting senescence

through therapeutic interventions, known as senotherapy, to improve healthy aging and age-
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related diseases. (Gorgoulis et al. 2019; Velarde and Demaria 2016; Toutfaire, Bauwens, and
Debacg-Chainiaux 2017).

However, in vitro aged fibroblasts were shown to differ from in situ aged fibroblasts in several
aspects (Tigges et al. 2014). Therefore, it remains questionable to which extent in vitro aged

fibroblasts represent a fibroblast population that reflects the aging process in vivo.

For the establishment of our Age-SEs, we therefore chose to use primary fibroblasts that were
isolated from patients of different age and as such by definition are aged in situ. In comparison to
cell lines, primary cells also account for the heterogeneity of human donors. Taken from sun-
exposed areas of the body, the old fibroblasts represent a relevant model for photoaged human
skin. The old fibroblasts displayed a morphology associated with senescence (enlarged, flattened
cells) but the analysis of several senescence-associated markers (increased R-galactosidase
activity, expression of p21 and 16, shorter telomeres) indicated that these cells are not senescent
(Gundermann 2012). Instead, characterization of these cells identified a novel fibroblast
differentiation state shown to be related to the most advanced state of photoaging, solar elastosis.
This argues for the hypothesis, that senescent fibroblasts may not be the only fibroblast population

relevant for the establishment of an “aging phenotype” in human skin.

Using the primary in situ aged “young” and “old” fibroblasts to establish fdmSEs, they were
successfully developed further to the Age-SEs presented here. Histological and IIF stainings
demonstrated that the Age-SEs nicely recapitulate major characteristics of young or photoaged
skin, depending on the incorporated young or old fibroblasts. The experiments were repeated with
different sets of fibroblasts and different keratinocytes to exclude cell-specific effects, thereby
demonstrating that the described phenotypes of the SEs induced by old or young fibroblasts are
highly reproducible. Thus, the Age-SEs proved to represent robust and suitable models to study

the role of fibroblast aging in the tissue context.

4.2 Fibroblast Age Influences Tissue Homeostasis, Epidermal
Differentiation, and Basement Membrane Formation

With the Age-SEs it was possible to show that the age of the fibroblasts has a major impact on the
epidermal differentiation, the formation of the BM and the composition of the dermal ECM. Age-
SEs with young fibroblasts form a well-stratified and cornified epidermis, closely resembling normal
human interfollicular epidermis. Histological stainings demonstrated clearly defined basal,
spinous, and granular layers and a multilayered stratum corneum. The different layers are

characterized by the sequential expression of differentiation-specific keratins (Houben, De Paepe,
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and Rogiers 2007). Keratinocytes of the basal layer are mitotically active and express K5, K14 and
K15. When they commit to differentiation and start moving upwards, they express K1 and K10
(early differentiation marker). In the upper spinous and granular layer, where cells flatten and
accumulate keratohyalin granules, they express K2 (late differentiation marker) (Wang, Zieman,
and Coulombe 2016). This differentiation pattern was well reflected by the epidermis of young
Age-SEs. Incorporating old fibroblasts in the Age-SEs strongly affected the epidermal
differentiation. The epidermis was stratified but less organized and the basal layer did not show
the typical palisade-like formation. The expression profile of the keratin markers, in particular the

little or missing K2 expression suggested an impaired differentiation.

In a recently published skin culture model constructed with senescent cells (Weinmullner et al.
2020), Weinmdiliner et al. presented very similar results regarding the differentiation. They also
found a reduced expression of K10 and filaggrin, suggesting a modulation of the keratinocyte
differentiation also by senescent fibroblasts. Changes in the differentiation of epidermal
keratinocytes and epidermal morphology have also been documented in aging human skin
(Charruyer et al. 2021; Kurban and Bhawan 1990).

Late terminal differentiation includes the formation of the cornified envelope (CE) and the CE
protein filaggrin is accordingly deposited in the stratum granulosum and upwards in young skin
(Kanitakis et al. 1988). This was well reflected in the young Age-SEs, while old Age-SEs showed
a drastically reduced filaggrin expression. An intact CE is crucial for the integrity of the skin and
its barrier function. Rinnerthaler et al. (Rinnerthaler et al. 2013) described drastic changes in the
formation of the CE during aging, including a significant downregulation of filaggrin. The
expression of filaggrin is dependent on a calcium peak specific for the stratum granulosum and
Rinnerthaler et al. found a redistribution of calcium in aged human skin to be causal for the reduced
synthesis of CE components. Another study (Takahashi and Tezuka 2004) also found filaggrin to
be reduced in aged versus young skin, which matches the results from our Age-SEs. As the
filaggrin mRNA levels in aged skin were not reduced compared to young skin, the authors

suggested that the decrease in filaggrin protein is due to an increased proteolysis in the aged skin.

Apart from the cellular components, also the “mortar”, the intercellular lipids which are aligned in
lipid lamellae, are vitally important for the integrity of the stratum corneum and with that the skin
barrier (Elias 1983; Wertz et al. 1987). In old Age-SEs, the lipid lamellae were reduced and did not
show the basket-weave-like structure displayed in young Age-SEs. Similarly, skin in vivo is
characterized by an age-related decline of all major stratum corneum lipids and a reduced number
of lipid lamellae in aged skin (Ghadially et al. 1995; Rogers et al. 1996; Sahle et al. 2015).
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Although important components of the skin barrier were reduced in old Age-SEs, this did not result
in a significantly increased transepidermal water loss (TEWL), which is the most widely used
objective measurement for assessing skin barrier integrity (Fluhr, Feingold, and Elias 2006;
Alexander et al. 2018). However, Ghadially et al. reported that assessment of TEWL in aged
epidermis under basal conditions might anyhow be misleading. They found an even lower baseline
TEWL in aged humans than in young, as similarly described by other studies (Kottner, Lichterfeld,
and Blume-Peytavi 2013; Thune et al. 1988), but the aged barrier was perturbed more easily and
recovered more slowly after skin irritation (Ghadially et al. 1995; Seyfarth et al. 2011). To test if
there are age-dependent or irradiation-induced differences in the regeneration of the skin barrier,

methods like tape stripping (Olesen et al. 2019) or other irritation tests could be applied.

A continuous regeneration of the epidermis of young Age-SEs was demonstrated by Ki67 staining,
suggesting an ongoing proliferation for up to six weeks. In old Age-SEs, the proliferation rate was
strongly reduced (from 9.2% to 2.5% proliferating cells) but still showed a stable low-level
proliferation for at least four weeks. Reduced epidermal proliferation rates were similarly reported
in skin of old versus young patients (Engelke et al. 1997; Gilhar et al. 2004; Rube et al. 2021).
Engelke et al. observed a decrease of 29% in old skin, Gilhar et. al found the proliferation rate in
old skin to be half of that of young skin. Connected to the decreasing proliferation, the epidermal
turnover rate is known to slow down during aging. Grove and Kligman reported a stratum corneum
transit time of 20 days in young adults, that extended to 30 days or more in older adults (Grove
and Kligman 1983). The prolonged turnover contributes to delayed and impaired wound healing

and less effective desquamation in older people (Eaglstein 1989).

Importantly, young Age-SEs also assembled an intact BM, characterized by the presence of
laminin-5, and type IV and VIl collagens. The BM is an essential structure that connects the
epidermis to the dermis and controls dermal-epidermal interaction, thereby also regulating
epidermal homeostasis. In old Age-SEs the BM assembly was disturbed. ColVIl, that forms the
anchoring fibrils, was found to be reduced and fragmented, indicating either an impaired BM
formation or degradation of this component. As we found increased levels of secreted MMP-1 in
old Age-SEs, degradation of ColVII might well have been the result of a higher proteolytic activity.
Accordingly, higher proteolytic activity and increased levels of MMP-1 were confirmed in the DE
of old Age-SEs by IIF staining. Amano et. al (Amano 2009) demonstrated an increase in BM
components including ColVIl and a reconstitution of the BM after treating SEs with MMP inhibitors.
This suggests that increased degradation of the BM components might well be the cause for the
disrupted BM.

The reduction of ColVIl in the old Age-SEs is well-reflecting the in vivo situation. In patients with

chronically sun-exposed skin, the number of anchoring fibrils was found to be significantly lower
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than in sun-protected controls (Craven et al. 1997) and loss of ColVII was most prominent in areas
with wrinkles (Contet-Audonneau, Jeanmaire, and Pauly 1999), suggesting that the weakened
connection of dermis and epidermis is involved in wrinkle formation. The role of ColVIl for the
dermal-epidermal adhesion is also reinforced by the fact that mutations in the COL7A1 gene lead

to skin fragility and the blistering disease epidermolysis bullosa (Christiano et al. 1993).

Expression of laminin-5, another BM component, was increased in old Age-SEs, but looked
disorganized and even showed signs of duplication. This duplication of the lamina densa was
reported in sun-exposed skin of aged adults (Lavker 1979) and even in the sun-exposed cheek
skin of a 30-year-old woman, but not in young sun-protected skin and only very little in old sun-
protected skin (Amano et al. 2001). So, it is thought to be a result of sun damage. The disrupted
and multilayered BM structure probably also impairs dermal-epidermal adhesion and might
contribute to the fragility and weaker resistance to shearing forces in aged skin that is observed

clinically (Farage et al. 2009).

The importance of the BM for the epidermal homeostasis by providing signals that regulate
keratinocyte adhesion, polarity, survival, and differentiation, has been demonstrated in several
studies (Lee and Cho 2005; Marionnet et al. 2006; Roig-Rosello and Rousselle 2020). If BM
components are not synthesized and assembled properly, the basal keratinocytes lack information
about cell polarity and about when to exit the cell cycle and differentiate (Jevtic et al. 2020;
Simpson, Patel, and Green 2011). Hence, the impaired BM formation found in old Age-SEs might
well be causal for the deficiency of the old fibroblasts to support epidermal long-term regeneration
in SEs.

An important feature of the Age-SEs is the fibroblast-derived matrix. During five weeks of culture,
the young fibroblasts established an ECM that consisted of a dense meshwork of collagen fibers
and comprised a ground substance including hyaluronic acid (HA), as confirmed by IIF stainings.
The ECM produced by old fibroblasts was characterized by a drastically reduced amount of HA
and a looser collagen meshwork with larger gaps, as visualized by staining for Coll and with

Picrosirius Red.

Loss and fragmentation of collagen is one of the most characteristic findings in photoaged skin in
vivo (Kohl et al. 2011). The reduction in net collagen content in aged skin is the result of a reduced
de novo synthesis on the one hand and an increased degradation on the other hand. Fibroblasts
isolated from aged skin have been shown to have a reduced capacity of collagen synthesis, which
is mediated mainly by ROS-dependent impaired TGF-B signaling (Quan et al. 2004; Varani et al.
2006). The degradation of collagen is mainly driven by increased MMP activity (Fisher et al. 1996),
that is induced by UV-dependent activation of the MAPK signaling pathway (Fisher and Voorhees
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1998). Concordantly, we detected a higher enzymatic activity in the DE of old Age-SEs compared

to young Age-SEs, which is likely causal for the degradation of the collagen fibers in the DE.

Skin aging is also associated with loss of skin moisture. HA with its unique capacity to bind and
retain water is a key molecule for the maintenance of skin hydration. There are conflicting reports
about age-related changes in the level of HA in vivo. One study found HA to be reduced in photo-
aged skin (Ghersetich et al. 1994), while another found no changes in the amount of HA (Meyer
and Stern 1994). Tzellos et al. reported an increase of dermal HA of low molecular mass and a
decrease of hyaluronan synthase 1 (HAS1) in sun-damaged skin (Tzellos et al. 2009). Simpson et
al. described an age-related impairment of HA synthesis and HAS2 induction in in vitro aged
fibroblasts (Simpson et al. 2009). In our Age-SEs, dermal HA was strongly reduced in old versus
young SEs, which might be the result of a reduced expression of HA synthases as it was found by

Tzellos et al. or Simpson et al.

Taken together, the Age-SEs established with young fibroblasts largely resemble normal human
skin and the Age-SEs established with old fibroblasts reproduce a broad range of characteristics
of aged skin in vivo. Age-SEs therefore represent a highly relevant model to study age-dependent

differences.

Characterization of the epidermal differentiation, proliferation, and BM formation clearly
emphasize the importance of the dermal fibroblasts and the dermal microenvironment for the
epidermal phenotype and thus for the aging process. Our results suggest that many of the age-
related changes that are characteristic for the epidermis of older people may not be due to age-
related changes in the epidermis itself but may rather be the consequence of an impaired
interaction with the dermal fibroblasts. These obviously accumulate age-related changes that

modulate their phenotype and function and thereby drive the aging process.

4.3 Old Fibroblasts Display a Myo-Chondro-Fibroblast Phenotype

Fibroblasts isolated from old donors were shown (Gundermann 2012) to upregulate matrix genes
which are characteristic components of cartilage ECM such as Aggrecan (ACAN), Matrix Gla
Potein (MGP), Hyaluronan and Proteoglycan Link Protein (HAPLN1), and Collagen type XI
(COL11A1). Furthermore, genes connected to chondrogenic differentiation and the cartilage-
specific transcriptional regulators SOX9 and ATF5 were upregulated. The fibroblasts maintained
this chondrogenic phenotype in the 3D context of scaffold-based SEs and produced a

cartilaginous ECM. In the Age-SEs we could now confirm the expression of the chondrogenic
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matrix proteins aggrecan and ColXI by old fibroblasts, while young fibroblasts did not express

ColXlI'and only very minor amounts of aggrecan.

The physiological relevance of this chondrogenic phenotype was demonstrated in skin samples
from different aged donors, detecting the chondrocyte-type matrix genes predominantly or
exclusively in skin from old donors. Even more, stainings demonstrated that the chondrocyte-type
matrix was associated with sites of solar elastosis, where it replaced the “normal” collagen matrix
(Gundermann 2012). Therefore, the chondrogenic phenotype described here for the old
fibroblasts most likely is not a general aging phenotype, but rather a phenotype related to solar

elastosis, that developed at sites of extensive damage.

In recent years, fibroblasts were increasingly appreciated as a highly dynamic and heterogenous
cell type, with various subpopulations or differentiation states (LeBleu and Neilson 2020). Different
fibroblast subpopulations, which reside in the papillary (Fp) and reticular (Fr) dermis, were shown
to differ in their gene expression (Janson et al. 2012) and also differ in their capacity to support
epidermal morphology and homeostasis in reconstructed skin models (Pageon, Zucchi, and
Asselineau 2012), strengthening the importance of the dermal-epidermal crosstalk for skin
regeneration. Mine et al. characterized Fp and Fr subpopulations for their specific functional
properties and changes during aging and found that particularly the Fp population is altered with
aging, which has consequences for the epidermal morphogenesis (Mine et al. 2008). Sequencing
studies by Haydont et al. could generate specific gene expression profiles for the different
fibroblast subpopulations (Haydont et al. 2019). Interestingly, they detected the expression of
ACAN and COL11A1 in the aged fibroblasts and the expression level correlated with the elastosis
grades in biopsies of photodamaged skin. Together, this suggests that the fibroblasts from old
donors we present here, might be closely related to the aged papillary fibroblasts. However, the
fibroblast population that we describe does not only express the mentioned genes connected to
cartilage, but a much more complex chondrogenic expression profile, assuming that they might

represent a different subpopulation or differentiation state.

In addition to the chondrogenic expression profile, one of the most striking differences between
young and old Age-SEs was the presence of myofibroblasts in old Age-SEs, a fibroblast phenotype
never observed in young Age-SEs. Myofibroblasts, identified by the expression of a-SMA, are an
“activated” differentiation state of fibroblasts, characterized by the acquisition of smooth muscle
features, most notably the gain of contractile properties by rearrangement of the actin
cytoskeleton. First described by Gabbiani et. al in 1971 (Gabbiani, Ryan, and Majne 1971), in
recent years, myofibroblasts attracted increasing interest and a lot of research has been done to
uncover their origin, phenotype and diverse functions in physiological and pathological situations.

It is now well documented that he fibroblast - myofibroblast differentiation is regulated by the
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activation of the TGF-3/Smad signaling pathway (Desmouliere et al. 1993) and recently reviewed
in (Frangogiannis 2020)) and mechanical tension arising from the cell-ECM interaction and
maintained by different modulators such as fibronectin and HAS2-synthesized HA (Webber et al.
2009).

Myofibroblasts are activated upon tissue trauma and their appearance is beneficial for tissue repair
processes, as they are essential for ECM-production and -remodeling during wound healing.
Myofibroblasts produce ECM components such as collagen type | and lll, HA, fibronectin (FN),
and extra domain A fibronectin (EDA-FN), an alternative splicing variant of fibronectin, expressed
in tissue repair and fibrosis (Klingberg, Hinz, and White 2013; Serini et al. 1998) to repair lost or
damaged ECM. In normal wound healing, this process ends with apoptosis of the myofibroblasts
(Desmouliere et al. 1995). However, dysregulation of the repair process leads to persistence of
the myofibroblast and an excessive accumulation of ECM, finally resulting in tissue stiffening and

fibrosis (Tomasek et al. 2002; Hinz 2016).

Preceding work has demonstrated that the phenotype of the old fibroblasts is correlated with an
upregulation of genes connected to actin remodeling, e.g. ACTG2, ACTA2, and ACTC1, as well
as contractile proteins such as MYH11, MYLK, CNN1 and the potential inducer of this phenotype,
TGFB3 (Gundermann 2012). | could now show that the old fibroblasts maintain this phenotype
also in the context of the Age-SEs. As the early stage of SEs is in many respects a “wound-healing-
like” situation, one would expect to see myofibroblasts in young as well as old Age-SEs. However,
in the experiments performed here, myofibroblasts only established in old Age SEs where they
were maintained throughout the entire culture period, while never been observed in young Age-
SEs at any given time. The question is if this is an intrinsic and stable differentiation state of the
old fibroblasts or if external factors are required to induce this differentiation. Worth mentioning,
the myofibroblasts always concentrated in the upper part of the DE, in close vicinity to the
epidermis. This might argue for an epidermis-induced regulation. However, old fibroblasts seem

to react more “sensitive” to this regulation than young fibroblasts.

IIF stainings for the chondrogenic and myofibroblast markers demonstrated that the chondrogenic
markers were expressed in the entire DE, while expression of myofibroblast markers were only
detected in the upper half. This raises the question if the myo-chondro-fibroblast differentiation is

a common regulation or if these are distinct processes or differentiation states.

The myo-chondro-fibroblast phenotype we present was not described for fibroblasts isolated from
human skin before but, interestingly, in 2018 Fu et al. presented a model of differentiation states
of cardiac fibroblasts after myocardial infarction in the mouse heart (Fu et al. 2018), that shares

several similarities with the fibroblast differentiation we describe. The authors show that after
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infarction, the resident fibroblasts are activated and differentiate to a-SMA-expressing
myofibroblasts that secrete ECM proteins as commonly seen in wound healing processes. As the
scar fully matured, however, they observed that the fibroblasts were not cleared by apoptosis as
expected, but persisted within the scar, and instead differentiated into a stable state they termed
“matrifibrocytes”. These cells were characterized by the expression of genes connected to
cartilage and chondrocytes (including COMP and CILP2), much like what we observed for the old
dermal fibroblasts. As the matrifibrocytes share several characteristics with chondrocytes, the
authors suggested that they might be better adapted to highly collagenous environments and are

specialized cells to support the mature scar.

Since the old fibroblasts described here, were likely derived from sites of solar elastosis, which are
sites of extensive and chronic tissue damage, it might be presumed that a similar differentiation
program as in the myocardial fibroblasts was activated in the dermal fibroblasts. The differentiation
to the myo-chondro-fibroblasts might therefore be a response to sun-induced tissue damage and
the accompanying collapse of the normal tissue architecture, which could be compared to the
infarct situation of the mouse heart. This differentiation has considerable functional consequences
for the tissue, as demonstrated by the deficit of the old fibroblasts to support epidermal

regeneration.

4.4 Experimental Setup to Simulate Sun Exposure

As the old fibroblasts were isolated from sun-exposed skin and the myo-chondro-fibroblast
phenotype was associated with sun-induced tissue damage (solar elastosis), we reasoned that

UV/solar radiation plays a role in the development of this phenotype.

Most of the studies performed focus on acute effects caused by UV radiation. We had experienced
that effects induced in SEs by acute (a single MED) irradiation were rather transient and reverted
back to normal within hours (Pavez Lorie et al., personal communication). In line with that, we
expected acute irradiation to be insufficient to induce long-term functional consequences in the
keratinocytes and fibroblasts. We, therefore, focused on repetitive “chronic” irradiation in our
study. This was possible because the long-term stability and viability of our model system enabled
us to expose the Age-SEs to two or even four weeks of irradiation. By seeding the keratinocytes
on top of the DEs two weeks before starting the irradiation, we could ensure that the irradiation
would not interfere with the early phase of epidermal development. Instead, irradiation could be
performed on a fully developed and homeostatic epidermis. Thereby we expected to gain relevant

information on tissue regulation as it is expected for skin in situ. This is worth mentioning, as skin
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equivalents in other studies are often restricted to early tissue development due to their shorter

lifespan.

Different from most previous radiation studies that use single high doses of UV radiation, we have
chosen an irradiation dose of 1 MED (UVB 0.78 kd/m?, UVA 51 kJ/m?, VIS 113 kd/m?,
IRA 300 kdJ/m?), that represents a physiologically relevant dose, comparable to what skin is
exposed to on a summer day in Germany. This dose was applied 3 times a week for two or four
weeks and we demonstrated that this irradiation regime did not significantly reduce viability of the
Age-SEs. We therefore can conclude that we have a quite robust model, that can tolerate the
irradiation, as human skin does, and that the effects we are seeing are not the result of massive
cell death or tissue destruction. Our system can rather provide more insights into the response of

skin to a chronic low-dose irradiation.

Most of the present knowledge about radiation effects is derived from irradiation studies with
keratinocytes and/or fibroblasts in conventional monolayer cultures. However, it is without doubt,
that the response to radiation is dependent on the organization of a tissue. In a tissue context, not
all cells are hit by the same intensity of the radiation and different wavelengths reach different parts
of the tissue (Dupont, Gomez, and Bilodeau 2013; Svobodova and Vostalova 2010). Thus,
irradiating a tissue leads to other consequences than irradiating cells in monolayer culture and the
three-dimensional architecture of the SEs mimics the in vivo situation much better than a
monolayer cell culture and can provide more relevant information to elucidate the effects of UV on
skin physiology and aging. So far, only few studies were described to use OTCs for irradiation
(Bernerd and Asselineau 2008; Fernandez et al. 2014; Marionnet, Tricaud, and Bernerd 2014)

and most of them only used UV radiation.

With our novel, purpose-built radiation device, we had the unique possibility to simultaneously
irradiate the Age-SEs with either the solar UV spectrum (UVA+B) or the entire solar spectrum
(SUN) using the same device. The KAUVIR lamp combines the emission of four individual lamps
(UVB, UVA, VIS and IRA) to achieve a solar-like exposure from 280-1500 nm with individual
controllable spectral components. This is quite different from other studies that predominantly
irradiate with individual spectral components, mostly UVB or UVA and if they also include other
wavelengths of the solar spectrum, they usually use different lamps or irradiate with different
wavelengths sequentially instead of simultaneously (Burren et al. 1998; Bernerd and Asselineau
2008; Schieke et al. 2005). With our irradiation setup we come quite close to resemble natural
sunlight and this spectral resemblance is, to the best of our knowledge, not met by many other

study’s irradiation setup.
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4.5 Differential Gene Regulation in Young and Old Fibroblasts in Response
to Irradiation with UV or SUN

Our experimental setup, the SEs with young and old fibroblasts, irradiated with solar UV radiation
or the entire solar spectrum, now allowed to directly compare the effects of the different
irradiations on a tissue built by young or old fibroblasts. Accordingly, we analyzed the differential
gene expression of cells from young and old Age-SEs by RNA-Sequencing. With that analysis we

found major differences in the response to irradiation between young and old Age-SEs.

Only a small number of genes was regulated the same way in young and old fibroblasts. This
indicates that the young and old fibroblasts react differently to the irradiation. Hence, the old
fibroblasts do not only differ from the young in their phenotype, but also in their gene regulation in
response to irradiation. The small percentage of commonly regulated genes suggests that these
differences are quite substantial, and that irradiation probably induces completely different
regulatory pathways in old fibroblasts than in young fibroblasts. This is a very important finding,
and it suggests that we might need to question if gene expression profiles derived from

normal/young fibroblasts can simply be extrapolated to other age groups.

There are several studies analyzing the gene expression changes induced by UV radiation in
normal/young fibroblasts. Marionnet et al. characterized the modulation of gene expression in
fibroblasts and keratinocytes in an SE model irradiated with UVA+UVB irradiation and described
several changes that we also verified for the young fibroblasts and keratinocytes, such as
downregulation of collagens, upregulation of several MMPs and upregulation of epidermal
differentiation markers (LCE, SPRR genes) (Marionnet, Tricaud, and Bernerd 2014). Others
compared the gene expression of young and old fibroblasts, like Haydont et al., that identified
differential gene expression profiles for dermal fibroblasts from young vs. old donors and for
intrinsically aged vs. photoaged fibroblasts (Haydont et al. 2019). Another study compared gene
expression profiles of cultured dermal fibroblasts from young and old donors and from sun-
exposed and sun-protected body sites and did not find age-related differences (Kaisers et al.
2017). A recent study also compared the expression profiles of fibroblasts from young and old
donors, which were “in vitro aged” by accelerated proliferation or UVB irradiation and, different
than Kaisers et. al, found several differences in gene expression related to aging (Lago and Puzzi
2019). None of the studies did directly compare the response of young and old fibroblasts to
irradiation as we present here. Therefore, our results could be of great value to understand how

young and aged skin responds differently to sun exposure.

In addition to the age-related differences, our RNA-Seq analysis also demonstrated that the entire

solar spectrum triggers a clearly different response than only the UV fraction (UVA+B). While a
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part of the genes was regulated by both UVA+B and SUN, a large fraction was only regulated by
UVA+B or only by SUN. Particularly in old fibroblasts the number of genes regulated by UVA+B
only was much higher than the number of genes regulated by SUN. These results do not support
the common idea that the irradiation with the entire solar spectrum causes a summation of the
effects of the individual wavelengths. They rather argue for a modulating effect of the additional
wavelengths (VIS, IRA) or a completely different regulatory response induced by the combination
of wavelengths than by single wavelengths. While UV-induced effects on the skin have been
studied extensively, much less is known about the IRA and VIS spectrum of solar radiation and, in
particular, their interaction with UV. Only recently, evidence is increasing that the combination of
spectra (e.g., UVA+VIS or UVB+IRA) leads to different biological consequences that are not just
additive (Narla et al. 2020; Hudson et al. 2020; Grandi and D'Ovidio 2020). Our study emphasizes
that it is crucial for further research to not only focus on the effect of specific wavelengths, but
rather the combined solar spectrum, as this is what humans are exposed to in their everyday life,

to provide a better basis for risk assessment.

4.6 The Role of Radiation for the Fibroblast Phenotype

Suggesting a role for solar radiation in the establishment of the myo-chondro-fibroblast phenotype
that we described in old Age-SEs, we analyzed the expression profile of young and old Age-SEs,

asking the question if irradiation can induce the phenotype in young or alter it in old fibroblasts.

From the literature there is evidence that dermal fibroblasts are in principle capable to directly
transdifferentiate to a chondrogenic lineage. A chondrogenic differentiation of dermal fibroblasts
in vitro was shown after pretreatment with insulin growth factor 1 (IGF-1) and a culture on
aggrecan (French et al. 2004), by addition of demineralized bone powder (Mizuno and Glowacki
1996) or by the forced expression of Sox5, Sox6 and Sox9 (lkeda et al. 2004). Yin et. al described
a chondrogenic transdifferentiation in vitro by stimulation with cartilage-derived morphogenetic
protein 1 (CDMP1), also called GDF5 (Growth Differentiation Factor 5) (Yin et al. 2010).
Interestingly, CDMP1 was upregulated in our RNA-Seq analysis in young fibroblasts upon SUN
irradiation and in old fibroblasts upon UVA+B and SUN irradiation. This growth factor is involved
in bone and cartilage formation and regulates differentiation of chondrogenic tissues via TGF-
signaling (Bai et al. 2004; Francis-West et al. 1999). It might therefore be one factor contributing
to the development of a chondrogenic phenotype that should be investigated further. In our RNA-
Seq analysis though we did not find an induction of other chondrocyte-specific genes, e.g. the
cartilage matrix genes, neither in young nor old fibroblasts. Some genes connected to cartilage

were rather downregulated in old fibroblasts. However, gene expression analysis by gRT-PCR of
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the same fibroblasts after 4 weeks of irradiation showed an induction of several cartilage matrix
genes (HAPLN1, ACAN, COLX, COLXI), especially in old fibroblasts. In another experiment with
different fibroblast strains, we saw only a slight upregulation of some genes (HAPLN1 in young,
SOX9 in old fibroblasts) already after 2 weeks. This suggests that UV irradiation might contribute
to the regulation of the chondrogenic phenotype and the induction of the cartilage matrix, but this
is rather a delayed response and therefore unlikely a direct regulation but rather an indirect

consequence of other regulatory circuits.

TGF-B has been proven to be an essential factor in chondrogenesis and is commonly used in
chondrogenic differentiation of mesenchymal stem cells (MSCs) (Johnstone et al. 1998; Cassiede
et al. 1996). Previous work suggested an important role of TGF- for the development of the
chondrogenic phenotype in our fibroblasts and the age-dependent presence of TGFR-1 and 3 was
also demonstrated in skin samples (Gundermann 2012). TGF-R is expressed in its latent form and
sequestered by matrix components such as fibrillin (Ziloerberg et al. 2012), decorin (Hildebrand
et al. 1994), or thrombospondin-1 (Schultz-Cherry et al. 1994). Decorin and fibrillin were both
upregulated in old fibroblasts in response to UVA+B and SUN in our analysis. This might have an
impact on the sequestration and activation of TGF- and thereby influence the chondrogenic

differentiation via TGF-[ signaling.

In young fibroblasts, the Cartilage Intermediate Layer Protein (CILP) was among the top 3 most
significantly regulated genes and was downregulated after UVA+B and SUN exposure. CILP is
thought to inhibit TGF--mediated induction of cartilage matrix genes via its interaction with TGFR-
1 (Gross and Thum 2020). A member of the TGF-R family, TGF@B-induced protein (TGFBI), was
upregulated in young fibroblasts upon UVA+B and SUN exposure. Ruiz et al. described that TGFBI
plays a role in early stages of chondrogenesis (Ruiz et al. 2019). Thus, the specific regulation of
these two genes may further support that irradiation has an influence on the TGF-R-dependent

regulation of cartilage-specific genes.

Another factor for the age-dependent alterations in the dermal matrix induced by UV and a further
connection to TGF- might be cysteine-rich protein 61 (CCN1), which was upregulated, as shown
by gRT-PCR, by UVA+B and even more prominent by SUN in young and old fibroblasts. CCN1 is
found to be elevated in aged human skin in vivo (Quan et al. 2006) and it is also elevated by acute
UV irradiation in skin and in UV-irradiated fibroblasts (Quan et al. 2010). Increased CCN1 in
dermal fibroblasts was shown to alter the expression of several proteins in a pattern that closely
resembled that observed in aged dermis, such as reduction of collagens type | and Il via inhibition
of TGF-B signaling, increased secretion of multiple MMPs and proinflammatory cytokines. Quan
et al. therefore proposed that CCN1 plays a key role in creating a tissue microenvironment that

contributes to age-related decline of skin function (Quan and Fisher 2015).
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Despite some direct regulations in the epidermal keratinocytes and the dermal fibroblasts, most
of our data argues for a more indirect regulation by irradiation. Our results indicate that the
irradiation regime in this study was not sufficient to directly induce the full chondrogenic
transdifferentiation in young fibroblasts. However, although we did not find the chondrogenic
matrix proteins upregulated in the RNA-Seq analysis, there are several hints that point to a role
for UV or SUN in regulating the chondrogenic phenotype indirectly, e.g. by altering TGF-R
signaling. It might be that the transdifferentiation process needs further regulatory influences that
do not establish after 2 weeks of irradiation but after long term chronic damage from sun exposure.
One of these influences that develop gradually over long time could be the stiffness or mechanical
property of the ECM. ECM stiffness is known to efficiently alter the TGF-R response and promote
chondrocyte differentiation (Allen, Cooke, and Alliston 2012; Park et al. 2011). The altered matrix
composition in old skin, and particularly in the areas of solar elastoses, probably affects the

mechanical properties and might play a role in the chondrogenic differentiation of the fibroblasts.

Other than the chondrocytic phenotype, the myofibroblast phenotype was strongly altered by
irradiation in old Age-SEs. Both UVA+B and SUN irradiation caused a downregulation of numerous
myofibroblast-related genes, including ACTA2, ACTG2 and, as the most significantly regulated
gene, MYH11. This argued for a UV-dependent transcriptional regulation of the myofibroblast
phenotype. This correlated with a decrease of a-SMA-positive cells in the irradiated SEs. It is
generally thought that myofibroblast are eliminated e.g. from sites of wound healing by apoptosis
and it might be suggested that the loss of a-SMA staining is indicative of UV-induced cell death of
the myofibroblasts. However, the upper part of the DEs, where the myofibroblasts were found,
was not depleted of cells, as indicated by nucleic staining. To further exclude the possibility that
the old fibroblasts react more sensitive to the irradiation, cell death rates of young and old
fibroblasts in irradiated and non-irradiated cultures were determined by flow cytometry. The rate
of apoptotic and necrotic cells was generally very low and was not increased by irradiation, neither
in young nor old fibroblasts, arguing against the hypothesis that the myofibroblasts are cleared by
cell death. Since there were still cells in the areas where myofibroblasts were located before and
those cells were still positive for aggrecan or ColXl, it might be reasoned that the myofibroblasts
are not lost but only lose their myofibroblast phenotype and dedifferentiate to the chondro-
fibroblast phenotype. This could involve a similar process as the one described by Fu et al. in the
infarcted mouse heart, where the myofibroblasts were also not eliminated by apoptosis but instead
lost their a-SMA expression and differentiated to a stable state with a chondrogenic expression
profile. The authors proposed that in other studies, which were not based on lineage tracing of the
cells, the loss of a-SMA expression might have been incorrectly interpreted as cell loss (Fu et al.
2018).
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4.7 Irradiation Improves Epidermal Differentiation of Old Age-SEs

An unexpected and interesting observation in my studies was that irradiation with UVA+B or SUN
led to an improved regeneration and epidermal differentiation of old SEs, demonstrated by

prominent alterations in the expression of the differentiation markers K15, K10, K2 and filaggrin.

It is known that a proper morphogenesis and function of the epidermis and the dermal-epidermal
junction is highly dependent on the crosstalk between fibroblasts and keratinocytes and that
fibroblasts regulate the epidermal differentiation processes (Boehnke et al. 2007; Marionnet et al.
2006; El Ghalbzouri, Lamme, and Ponec 2002; Jevtic et al. 2020). The paracrine signaling
between keratinocytes and fibroblasts is mediated through different soluble factors, including
interleukins and growth factors, that regulate cell proliferation, adhesion, migration, or
differentiation. Different subpopulations of dermal fibroblasts have been shown to not only produce

a distinct ECM but also have different secretory profiles (Mine et al. 2008; Driskell et al. 2013).

In this context it is important to note that we found myofibroblasts mainly in the upper dermis of
unirradiated old SEs and an irradiation-dependent reduction of those myofibroblasts. This
reduction or loss of myofibroblasts correlated with the improved differentiation and regeneration
of the SEs. Thus, it is tempting to speculate that the presence of myofibroblasts in close vicinity to
the epidermis in old SEs, somehow disturbs the dermal support for the epidermis and that
dedifferentiation of the myofibroblasts allows for a normalization of the dermal-epidermal
interaction. The fact that the cells in this area maintained their chondrogenic phenotype suggests
that not the old fibroblasts per se but the myofibroblasts blocked the support for keratinocyte
growth and differentiation. One reason for that could be that the differentiation to the myo-
chondro-fibroblast phenotype and also the dedifferentiation alters the secretory profile of the cells
and therefore the secretion of factors that are required for the epidermal support. In the RNA-Seq
analysis, the GO category “cytokine-mediated signaling pathways” was found within the 10 most
significantly regulated gene sets in young and old fibroblasts. A thorough analysis of the cytokine
profile of the young and old fibroblasts and further quantitative investigation of secreted cytokines,

e.g. by ELISAs would be very useful to clarify if this hypothesis holds true.

Cytokines can either be secreted and act directly or are sequestered in the surrounding ECM that
can serve as a reservoir for these factors. Several interactions between specific ECM proteins and
cytokines or growth factors, including TGF-R, have been described (Wijelath et al. 2006; Goetz
and Mohammadi 2013; ten Dijke and Arthur 2007). In the case of TGF-R it is suggested that also
the mechanical stiffness of the ECM plays a critical role in the storage and activation and therefore
the bioavailability of TGF-I (Hinz 2015). Thus, it could be hypothesized that the myofibroblast-

derived matrix or the resulting changes in mechanical forces, might alter the storage and release
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of factors, that influence the epidermal homeostasis and as soon as the obstruction is diminished
or abolished, the interaction normalizes. This hypothesis, of course, needs further extensive

investigation.

Another hypothesis that would explain the increased or improved epidermal differentiation we
observed in old SEs upon irradiation, apart from the reduction of myofibroblasts, was that this is
part of an adaptive response of the SE and an attempt to protect against damaging irradiation by

improving the skin barrier.

It is known that UV exposure leads to a thickening of the horny layers of the skin (Pearse, Gaskell,
and Marks 1987). In studies by Lehmann et al., UVA- and UVB-irradiated areas proved to be more
resistant to damage than unirradiated skin in different irritation models. They also found an
increase in lipid content in the stratum corneum of irradiated skin, both findings indicating an

improvement of the barrier function after UV irradiation (Lehmann et al. 1991).

In agreement with this idea, we found an increased filaggrin expression as well as a strong
improvement of the lipid matrix in the stratum corneum of irradiated old SEs, both components
being essential for an intact skin barrier. In addition, the RNA-Seq analysis of epidermal samples
from young SEs revealed the GO categories “cornification”, “cornified envelope” and
“keratinization” within the most significantly upregulated gene sets. Accordingly, in the lists of
DEGs, several SPPRs (small proline-rich proteins) and LCE (late cornified envelope) proteins,
connected to late terminal differentiation of keratinocytes and formation of the cornified envelope
(CE) (Jackson et al. 2005; Tesfaigzi and Carlson 1999) were among the most significantly
regulated ones. Modulation of these genes by UV has been confirmed in other in vitro studies as
well (Marionnet, Tricaud, and Bernerd 2014). The importance of the CE for skin barrier integrity is
strengthened by a number of diseases which display defective epidermal barrier function as a
result of defects in or loss of CE proteins, like filaggrin in atopic dermatitis (Kezic and Jakasa 2016)
or LCE3 in psoriasis (de Cid et al. 2009).

The epidermal morphology of young SEs is already quite “perfect”, so the immunofluorescence
stainings of differentiation markers or the lipid matrix did not display marked changes after
irradiation. The upregulation of genes connected to keratinization and CE formation upon
irradiation nevertheless argues for an increase in late differentiation and skin barrier formation also

in young SEs.

Interestingly, the improved differentiation, including the upregulated expression of important
components of the skin barrier, by UV or SUN exposure did not result in a functional improvement
of the TEWL in our SEs with young or old fibroblasts. There are different reports about the effects

of UV exposure on TEWL. Single, high doses of UVB are known to perturb the skin barrier function,
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indicated by an increase in TEWL (Jiang et al. 2007; Meguro et al. 1999; Haratake et al. 1997).
Others reported an increase in TEWL in a dose-dependent manner and that the barrier recovery
time extended with higher irradiation doses (Liu et al. 2010; Lim et al. 2008). Frodin et al. found
an increase in TEWL after irradiation with 3 MED, but not with 0.5 or 1 MED (Frodin, Molin, and
Skogh 1988). Interestingly, 3 days of exposure to low dose (0.5 MED) of UVB were described by
Hong et al. to even accelerate barrier recovery and increase the expression of filaggrin in hairless
mice (Hong et al. 2008). The different results indicate that the effect of UV exposure on TEWL is
highly dependent on the dose and that low-dose UVB can be beneficial for the skin barrier. This
effect is also utilized in the treatment of atopic dermatitis, which is characterized by a defective
skin barrier (Wulf and Bech-Thomsen 1998). It is important to note that all mentioned studies were
done with UVB alone and it needs to be investigated further if low dose exposure to the spectral
combination as we applied it in our experiments has different consequences for the skin barrier

than UVB alone.

The improved growth and differentiation seen in the old SEs in response to irradiation, as well as
the hyperplasia observed in some of the young SEs, both require an increase in proliferation of
epidermal cells. However, the proliferation rates determined in the Age-SEs 24 h after the last
irradiation of the 2-week irradiation regime, were not significantly changed by irradiation. Even
irradiation for 4 or 6 weeks did not affect the proliferation rates of young SEs. This suggests that
an increased proliferation, needed to establish the observed phenotypes, is not maintained
throughout the period of chronic irradiation. We rather expect an initial peak of proliferation that

goes back to baseline.

Lee at al. determined the proliferation of basal keratinocytes from human biopsies after irradiation
with 1 MED of UVB and found a significant increase in proliferation after 48 h (but not after 24 h)
that fell to control level again after 72 h (Lee et al. 2002). Similar results were described by El-
Abaseri et al. who exposed mice to UV irradiation and found a peak in proliferation after 48 h
whereas after 24 h and after 72 h the proliferation rate was not significantly increased (El-Abaseri,
Putta, and Hansen 2006). So, it might well be, that at 24 h after the irradiation we do not see the
proliferative peak, that is only an acute response in a short time frame before the tissue reaches
again a homeostatic state and it might be necessary to check the proliferation rate 48 h after the

irradiation.

It is well established that high doses of UV are genotoxic and trigger apoptosis of damaged
keratinocytes (Kulms et al. 2002; Batista et al. 2009). The dose applied here did not induce
massive cell death, as demonstrated by viability assays and a flow cytometric apoptosis analysis.
Nevertheless, we observed the induction of CPDs, the typical DNA lesion indicative of UV-induced
damage (Brash 2015) after irradiation with UVA+B and SUN in young and old Age-SEs. If DNA
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damage cannot be repaired, cells undergo apoptosis. These apoptotic keratinocytes are known
as sunburn cells and are identified by their pyknotic nuclei (Bayerl et al. 1995; Young 1987;
Murphy et al. 2001). We did not find evidence for sunburn cells in the epidermis of irradiated Age-
SE. The reason for the appearance of sunburn cells and massive cell death in other studies could
be that they often use high doses of UVB. Bayerl et al. for example observed sunburn cells in skin
biopsies after treating the skin with 4 MED (Bayerl et al. 1995), which is approximately four times
the dose applied in our study. Wolf et al. found a significant induction of sunburn cells in vivo 6 h
after irradiation with 2 MED.

In everyday life, skin is usually not exposed to such high doses at once, but rather repeatedly
exposed to low or moderate doses of UV. De Pedro et. al studied the response of human
keratinocytes to different doses of UVB and while acute high levels of UVB (1.5-3 kJ/m?) caused
apoptosis, moderate levels of UVB (0.1-0.25 kJ/m?) triggered terminal differentiation of the
keratinocytes. They propose this increased differentiation with the consequence of cell shedding
as a self-protective alternative approach of the skin to get rid of potentially pre-cancerous cells
(de Pedro et al. 2018). This is also supported by other studies that report differentiation-inducing
effects of sub erythemal UVB doses (Del Bino et al. 2004; Bertrand-Vallery et al. 2010). This
mechanism probably contributes to the beneficial therapeutic effects of moderate sun exposure
or UV treatment (phototherapy) for the treatment of skin disorders like psoriasis (Armstrong and
Read 2020).

The positive effect of low dose irradiation on keratinocyte differentiation could in part explain the
improved growth and differentiation that we observed in the irradiated old Age-SEs. However, it is
not sufficient to explain the significant differences in epidermal regeneration between young and
old Age-SEs. Given that the keratinocytes in each experiment were derived from the same young
donor, the improved differentiation and stratification of the epidermis on old DEs can most likely
largely be attributed to influences of the fibroblasts. As discussed before, the presence or

reduction of myofibroblasts may be the decisive factor for the regeneration of the epidermis.

The different responses of skin cells to high and low doses of UVB also emphasize that the
irradiation regime is of high importance when comparing outcomes of different studies as
beneficial or detrimental effects of UV exposure might often be dose dependent. In addition, most
of the irradiation studies only use UVB. As we could show in our direct comparison of gene
expression analysis in response to UVA+B and SUN, irradiation with the entire solar spectrum
induces significantly different regulations than the UV spectrum alone. To the best of our
knowledge there are no studies using comparable experimental parameters (entire solar
spectrum, physiological dose, chronic exposure, tissue context), highlighting the importance and

relevance of our study to understand the effects of sun exposure on human skin.
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4.8 Transformed Keratinocytes are Less Dependent on The Fibroblasts

Skin cancer predominantly affects the elderly population. It is therefore vitally important to
understand how age-dependent changes in the skin might contribute to cancer progression. The
complex crosstalk between cells and their surrounding ECM regulates tissue function and also
plays an important role in cancer development (Nelson and Bissell 2006; Parrinello et al. 2005).
In turn, tumors modify their ECM to form a cancer-permissive environment, promoting tumor
progression and cell migration (Winkler et al. 2020). Age-dependent alterations in the organization
of the ECM were shown to influence the way tumor cells move and melanoma cells were more
invasive in in vitro skin models built with aged fibroblasts (Kaur et al. 2019). Senescent fibroblasts
and the secreted factors they produce, the senescence-associated secretory phenotype (SASP),
are discussed to promote malignant phenotypes and tumor growth (Campisi et al. 2011).
Therefore, we wanted to elucidate the role of our old fibroblasts and their altered ECM for the
tumorigenicity of different transformed epithelial cells. We complemented young and old Age-SEs
with HaCaT cells, which represent the typical population of cells with UV-type specific p53
mutations preexisting in sun-exposed human skin (Boukamp et al. 1988). In addition, we
produced models with HaCaT-ras A5, which contain p53 mutations and the c-Ha-ras oncogene.
These cells form benign cysts upon injection into nude mice (Boukamp et al. 1990) and grow as
surface epithelia that can gain invasive growth potential upon challenge (Tham et al. 2022). As an
example of malignant tumorigenic cells, the HaCaT-ras 14 were included. This HaCaT variant also
developed upon introduction of the c-Ha-ras oncogene but gained the ability to form cutaneous
squamous cell carcinomas (cSCC) in nude mice and to grow invasively in fdm-based SEs
(Boukamp et al. 1990; Berning et al. 2015). The fdmSEs perfectly recapitulated the respective
phenotypes and the cell-specific invasion behavior, making them well suited models to study the

influence of the dermal microenvironment on the development of cSCCs.

Age-SEs with HaCaT cells formed a stratified epithelium that was rather aberrantly organized,
consisting of only few vital cell layers and a thick parakeratotic stratum corneum, but displayed no
invasive behavior. With HaCaT-A5 we observed invaginations indicative of beginning invasion in
some cultures, that were partly breaking through the BM. HaCaT-ll4 built a completely
disorganized epithelium and massively invaded the dermal part. Differentiation markers and BM
components were progressively disorganized or reduced with increasing malignancy of the
epidermal cells.

In the epithelia of the malignant HaCaT-I14-SEs we observed acantholysis, a histological feature
characteristic for several skin diseases, e.g. pemphigus vulgaris (Payne et al. 2004), but also for

cSCCs (Cassarino, Derienzo, and Barr 2006), which is the result of a loss of cohesion between
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keratinocytes. Stable adherens junctions and desmosomes are essential for cell-cell adhesion and
tissue integrity and the loss or reduction of one or more desmosome components, including
desmoglein 1-3 (Dsg1-3) and desmoplakin (Dsp), was reported during the development,
progression and metastasis of human skin cancer (Tada et al. 2000; Harada et al. 1992; Kocher

et al. 1981).

In our Age-SEs, we observed known alterations connected to tumor development, like loss of
differentiation, loss of BM components, and loss of intercellular adhesion with increasing
tumorigenicity of the HaCaT variants. Importantly, these phenotypes were largely independent
from the fibroblasts the epidermal cells were co-cultured with, suggesting that the transformed
keratinocytes, different than the NHEK, react less sensitive to changes in the DE and the
regulatory factors provided by the fibroblasts. This might be due to one of the hallmarks of cancer,
which is self-sufficiency in growth factors (Hanahan and Weinberg 2000), meaning that malignant
cells gain independence from stimulatory signals from their surroundings. Therefore, the
transformed keratinocytes might be less dependent on their microenvironment and with that less
sensitive to age-dependent changes in the microenvironment, allowing them to adapt well on

supportive as well as non-supportive environments.

49 Irradiation Did Not Induce Invasion in SEs with Transformed
Keratinocytes

The causal role for UV radiation in induction and progression of skin cancer is well established
(Brash et al. 1991; Pfeifer 2020; Leiter, Keim, and Garbe 2020). Therefore, we exposed the
HaCaT models to the chronic irradiation regime with UVA+B or SUN to see if this would lead to an
induction or increase of invasion in irradiated SEs compared to controls. Interestingly, we did not
observe an increased invasion in any of the SEs (HaCaT, -A5 and -114), neither with young nor old

fibroblasts. On the contrary, invasion was rather reduced.

Prerequisites for tumorigenic growth and invasion are an increased proliferation of the epidermal
cells and a degradation of the BM and ECM. This degradation as an essential step in tumorigenesis
that allows the epithelial tumor cells to migrate, break through the BM, and invade the connective
tissue, is mainly mediated by MMPs (reviewed in (Kerkela and Saarialho-Kere 2003; Quintero-
Fabian et al. 2019; Pittayapruek et al. 2016)). MMP-1 is one of the best studied proteolytic factors,
known to be involved in skin cancer and induced by UV radiation (Dong et al. 2008; Quan et al.
2009). Expression of MMP-1 was reported to be associated with the initial steps of tumor growth

in cSCCs in vitro and in vivo (Lederle et al. 2011). Ramos et al. reported an induction of MMP-1
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in a squamous carcinoma cell line by UV radiation (Ramos et al. 2004). This is in line with our
results. Irradiation with UVA+B or SUN increased pro-MMP-1 levels in Age-SEs with HaCaT,
HaCaT-A5 and HaCaT-ll4, at least in those with young fibroblasts. This shows that the irradiation
can trigger MMP activity that enables tissue degradation. However, this did not lead to increasing

invasion of epithelial cells in the SEs.

Another way that UV exposure contributes to skin cancer development is by deregulating cell
proliferation and survival. Normally, the skin responds to UV-induced damage with cell cycle arrest
to allow for the repair or induce apoptosis of damaged cells. If these mechanisms fail, it can lead
to expansion of damaged (mutated) cells that finally can contribute to tumor development
(Matsumura and Ananthaswamy 2002; El-Abaseri, Putta, and Hansen 2006; Rodust et al. 2009).
In human skin samples from normal skin, sun-damaged skin, and cSCCs, proliferation was
significantly increased in the progression from normal skin to cSCC (Einspahr et al. 1999).
Accordingly, we found the highest proliferation rates in the SEs with the malignant HaCaT-Il4 cells.
Other than in NHEK-SEs, in the SEs with the different HaCaT variants there were no significant
differences in proliferation between SEs with young or old fibroblasts, again indicating that
transformed keratinocytes are more independent from dermal influences, like growth factors, for
their survival and proliferation. Interestingly, irradiation did not induce increased proliferation. As
discussed for NHEK, it cannot be excluded that irradiation may have induced an early proliferation
response also in the transformed keratinocytes. If so, this proliferation stimulus was not maintained

throughout the irradiation period.

Taken together, these findings demonstrated that different from previous suggestions (Campisi et
al. 2011; Krtolica et al. 2001), our old fibroblasts with their altered ECM do not exhibit tumor
promoting activity in the Age-SEs. Even more so, the chronic irradiation regime is not sufficient to
induce tumorigenic conversion of the immortal (HaCaT) and premalignant (HaCaT-A5) cells or to
further increase invasion of the malignant (HaCaT-l14) cells. This further adds to the idea that
besides the well described damaging potential of UV radiation, chronic low doses of solar radiation
do not seem to provoke tumorigenic conversion but may rather exert beneficial effects by

contributing to improved tissue organization.
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4.10 Conclusion

In this study we successfully established fdm-based SEs with young and old fibroblasts that we
termed Age-SEs. With these we could verify and further characterize a novel differentiation state
of old fibroblasts derived from sun-damaged skin, the myo-chondro-fibroblast. The Age-SEs

demonstrated the influence of the fibroblast phenotype on the tissue morphology and function.

Interestingly, irradiation with 1 MED of the solar UV spectrum or the entire solar spectrum led to a
normalization of the tissue structure and improved the epidermal differentiation and regeneration
of old Age-SEs. These improvements correlated with a dedifferentiation of the myofibroblast
phenotype, showing that this phenotype is reversible, and this might allow for a better dermal-
epidermal communication. Our results also argued for a role of UV irradiation in the regulation of
the chondrocyte-like phenotype and the induction of the cartilage matrix. However, this is most
likely not a direct effect. Instead, we propose that long term recurrent sun exposure, that leads to
tissue damage and the appearance of solar elastosis, triggers the differentiation of the fibroblasts

as an indirect consequence.

Analyzing the gene expression profiles of the fibroblasts we could prove that young and old
fibroblasts respond differently to irradiation and that the solar UV spectrum alone triggers different
regulatory responses than the entire solar spectrum. This needs to be taken into account when

results from irradiation studies are used for risk assessment.

In addition, by complementing Age-SEs with transformed keratinocytes, we could show that the
old fibroblasts are not per se tumor promoting and that the low dose irradiation did not provoke or

increase invasion of the keratinocytes.

In summary, our results suggest that, besides the known detrimental effects of excessive sun
exposure, low dose UV or solar radiation might have beneficial effects and contribute to the normal
skin function, without necessarily inducing tumorigenesis. In analogy to phototherapy used for the
treatment of a number of skin diseases, it might be speculated that a controlled phototherapy for

solar elastoses may help to stimulate renormalization of skin physiology.
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Appendix

Table 17: ImagedJ macro to calculate the epidermal proliferation rate

/lprepare

setTool("freehand");

setSlice(3);

roiManager("Deselect");

run("Select None");

roiManager("Reset");

title=getTitle();

/Iselect Epidermis

run("Duplicate...", " ");

run("Grays");

run("Gaussian Blur...", "sigma=10");

run("Threshold...");

setAutoThreshold("Default dark");

waitForUser("Adjust the threshold for epidermis.");

run("Analyze Particles...", "size=10000-Infinity pixel include add");
close();

roiManager("Show All");

waitForUser("Check the selection for epidermis. If it is not good select it again and add to
ROImanager");

setSlice(3);

roiManager("Deselect");

run("Select None");

/fanalyze DAPI

setSlice(2);

run("Duplicate...", " ");

run("Grays");

run("Gaussian Blur...", "sigma=4");//change sigma to get more or less cells (smaller sigma - more
cells)

run("Threshold...");

setAutoThreshold("Default dark");

waitForUser("Adjust the Threshold for DAPI");

run("Find Maxima...", "noise=2 output=[Segmented Particles] above");//change noise to get
more or less cells (smaller noise - more cells)
roiManager("Select", 0);

setAutoThreshold("Default dark");

rename(title+ " DAPI count");

run("Analyze Particles...", "size=20-Infinity pixel exclude summarize add");
close();

close();

selectWindow(title);

run("Duplicate...", " ");

run("Grays");

roiManager("Show All");

waitForUser("Check the selection of DAPI");

close();

//combine dapi to count Ki67 only within DAPI which is within Epi
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roiManager("Select", 0);
roiManager("Delete");
print("please wait");
roiManager("Combine");
roiManager("Reset");
roiManager("Add");
roiManager("Deselect");
run("Select None");
/lanalyze Ki67
setSlice(1);
run("Duplicate...", " ");

run("Subtract Background...", "rolling=50 slice");

run("Grays");

run("Median...", "radius=2");
run("Threshold...");
setAutoThreshold("Default dark™);
getThreshold(min, max);
setThreshold(773, max);
titteTemp=getTitle();
waitForUser("Adjust the Threshold for Ki67 ");
selectWindow(titleTemp);
roiManager("Select", 0);
setBackgroundColor(0, 0, 0);
run("Clear Outside");
rename(title+ " Ki67 count");

run("Analyze Particles...", "size=20-Infinity pixel summarize add");//change min size to get more

or less cells

close();

/[display

run("Grays");
roiManager("Show All");
roiManager("Select", 0);
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Table 18: Differentially expressed genes that show the same response to irradiation in young and old

fibroblasts
Gene L2FC  L2FC L2FC L2FC pad padj padjold padjold
Name young young old old young young SUN UVAB

SUN UVAB SUN UVAB SUN UVAB

UP with UVA+B and SUN
CES1 2,20 2,02 2,39 1,73 1,70E-17 3,13E-09 3,07E-05 5,98E-08
IL1RL1 3,14 3,47 2,63 2,92 5,91E-15 9,04E-10 9,35E-06 2,81E-26
GALNT15 3,15 3,32 2,43 1,96 1,52E-12 1,75E-09 3,73E-05 6,56E-09
APLN 0,99 1,07 2,05 1,23 6,92E-05 4,47E-05 2,22E-03 7,07E-04
VWCE 0,92 0,99 1,70 1,57 2,42E-03 2,53E-02 3,89E-02 8,89E-08
UP with only UVA+B
BCL2L1 0,00 1,49 0,00 1,29 1 9,21E-07 1 1,59E-04
CDKN1A 0,00 0,66 0,00 1,00 1 1,10E-03 1 1,96E-06
LEP 0,00 2,21 0,00 0,86 1 1,20E-02 1 1,21E-02
TRABD2B 0,00 1,09 0,00 1,09 1 1,30E-02 1 3,11E-04
EIF4B 0,00 1,74 0,00 2,17 1 2,04E-02 1 4, 73E-11
GDNF 0,00 1,40 0,00 1,00 1 2,34E-02 1 1,52E-02
PGAM1 0,00 0,53 0,00 0,43 1 2,34E-02 1 1,81E-02
ZNF219 0,00 0,68 0,00 0,52 1 2,53E-02 1 1,29E-02
TRNP1 0,00 0,61 0,00 0,65 1 4,02E-02 1 4,33E-02
NRXN2 0,00 1,54 0,00 1,47 1 4,42E-02 1 2,17E-04
UP with only SUN
CTSS 8,97 0,00 9,34 0,00 1,22E-05 1 3,80E-03 1
DOWN with UVA+B and SUN
GADD45B  -1,35 -055 -140 -0,76 5,24E-13 2,99E-02 5,21E-03 2,09E-05
MT-CYB 147 128 -169 -1,54 3,13E-09 4,08E-06 8,74E-07 6,99E-11
CDH13 -3,06 -299 -3,10 -2,44 151E-06 5,74E-04 6,53E-07 1,17E-18
MMP11 -1,31 -1,42 259  -222 1,59E-04 2,15E-03 5,38E-09 2,39E-29
MT-ND4 -0,92 -0,73  -1,31 -1,04 5,38E-04 3,75E-02 6,30E-04 7,98E-05
CPZ -1,33 1,19 -2,21 -2,03 7,86E-03 3,47E-02 3,81E-02 1,23E-09
BHLHE40 -095 -0,74 -194 -117 9,85E-03 3,03E-02 2,34E-08 4,65E-08
MT-ND3 -0,91 -0,78 -118 -1,02 1,67E-02 4,71E-02 4,84E-03 1,07E-05
DOWN with only UVA+B
RNF19B 0,00 -8,25 0,00 -1,20 1 1,48E-04 1 7,71E-04
THBD 0,00 -1,68 0,00 -1,48 1 2,43E-04 1 2,21E-02
MAFB 0,00 -0,75 0,00 -1,18 1 3,07E-03 1 5,33E-06
FHIT 0,00 -347 0,00 -1,88 1 1,69E-02 1  4,66E-02
TJP1 0,00 -0,97 0,00 -0,42 1 2,77E-02 1 2,73E-02
PLEKHG3 0,00 -2,56 0,00 -1,30 1 4,53E-02 1 9,06E-03
DOWN with only SUN
IL6 -2,11 0,00 -1,81 0,00 7,67E-20 1 3,59E-02 1
ATF3 -2,52 0,00 -3,06 0,00 7,34E-16 1 5,40E-12 1
ZFP36 -1,55 0,00 -1,59 0,00 1,28E-14 1 3,23E-04 1
NR4A2 -2,47 0,00 -2,60 0,00 1,08E-12 1 7,21E-06 1
FOS -1,24 0,00 -1,16 0,00 1,51E-06 1 1,25E-02 1
IER2 -0,93 0,00 -1,11 0,00 4,79E-06 1 2, 77E-02 1
FOSB -1,83 0,00 -2,76 0,00 6,33E-06 1 1,91E-10 1
KLF4 -1,29 0,00 -1,37 0,00 1,83E-02 1 4,06E-02 1

L2FC = log2 fold change
Padj = adjusted p-value
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