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Abstract

Keloids are diseases of the skin exhibiting features of scars as well as tumours. They are
especially characterized by their steady spreading beyond the borders of the original wound.
A wide range of studies focusing on the different cell types present in keloids and their
potential contribution to keloid formation provided useful insights into the nature of this
disease. However, despite many years of research, the pathologic forces driving keloid
formation still remain largely undiscovered. In keloids, single cell RNA sequencing revealed a
significant increase of a so far neglected cell type, the Schwann cells. Schwann cells are a
specialized type of peripheral glia cells ensheathing nerve axons to support their function and
to ensure fast stimulus conduction. In the healthy skin, Schwann cells are exclusively
identified in contact with tissue-pervading neurons, whereas keloidal Schwann cells exhibit a
unique expression pattern and spread through the whole dermal layer without axon
attachment. Striking similarities of this keloid-specific Schwann cells with repair Schwann
cells, an activated Schwann cell subtype involved in the neuronal regeneration processes
upon injury, were observed. In contrast to these repair Schwann cells, keloidal Schwann cells
showed a strong contribution to the formation of the extracellular matrix. Numerous matrix-
associated genes were identified to be upregulated in keloidal Schwann cells and specific
factors, such as insulin-like growth factor binding protein 5 (IGFBP5) and cellular
communication network factor 3 (CCN3), were exclusively detected in keloidal Schwann cells
suggesting their contribution to the pathologic features of keloids. As Schwann cells have not
been associated with keloid formation so far, a comparison of the keloidal Schwann cells with
Schwann cells from the cutaneous neurofibroma type 1, a skin disease driven by this cell
type, was performed. This joint analysis pointed to distinct pathologic roots and further
uncovered the lack of pro-inflammatory factors in keloidal cells. A potential interaction of
Schwann cells and macrophages in keloids was identified, suggesting the attraction and M2
polarization of macrophages by keloidal Schwann cells and the enforcement of
dedifferentiation and maintenance of in an activated state of Schwann cells by keloidal
macrophages. In-depth analysis of independent single cell datasets verified the tissue-
specific presence of keloidal Schwann cells and paved the way to define a characteristic
transcriptional pattern of twenty-one genes for the identification of this special Schwann cell
type in other fibrotic tissues. Together, a novel pro-fibrotic Schwann cell type persisting in
keloids was identified, which might be an interesting new target for therapeutic interventions

to prevent or reduce keloid formation in the future.
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Zusammenfassung

Keloide sind Erkrankungen der Haut, die sowohl Narben- als auch Tumormerkmale
aufweisen. Sie sind charakterisiert durch ihre stetige Ausbreitung lber die Grenzen der
urspringlichen Wunde. Eine breite Palette von Studien, die sich auf die verschiedenen
Zelltypen in Keloiden und ihren mdglichen Beitrag zur Keloidbildung konzentrierten, lieferte
natzliche Einblicke in die Natur dieser Krankheit. Trotz langjahriger Forschung sind die
pathologischen Krafte, welche die Keloidbildung antreiben, noch immer weitgehend
unentdeckt. Bei Keloiden zeigte die Einzelzell-RNA-Sequenzierung eine signifikante
Zunahme eines bisher vernachlassigten Zelltyps, der Schwann-Zellen. Schwann-Zellen sind
eine spezialisierte Art von peripheren Gliazellen, die Nervenaxone umhillen, um deren
Funktion zu unterstiitzen und eine schnelle Reizleitung zu gewahrleisten. In der gesunden
Haut werden Schwann-Zellen ausschlieBlich im Kontakt mit gewebedurchdringenden
Neuronen identifiziert, wahrend keloidale  Schwann-Zellen ein  einzigartiges
Expressionsmuster aufweisen und sich ohne Axonanhaftung durch die gesamte dermale
Hautschicht ausbreiten. Es wurde eine auffallige Ahnlichkeit dieser Keloid-spezifischen
Schwann-Zellen mit Reparatur-Schwann-Zellen, einem aktivierten Schwann-Zell-Subtyp, der
an neuronalen Regenerationsprozessen nach Verletzungen beteiligt ist, beobachtet. Im
Gegensatz zu diesen Reparatur-Schwann-Zellen zeigten keloidale Schwann-Zellen einen
starken Beitrag zur Bildung der extrazellularen Matrix. Eine Hochregulation zahlreiche
matrixassoziierte Gene in keloidalen Schwann-Zellen wurde entdeckt.Zusatzlich wurden
spezifische Faktoren wie insulin-like growth factor binding protein 5 (IGFBP5) und cellular
communication network factor 3 (CCN3) ausschlieBlich in keloidalen Schwann-Zellen
nachgewiesen, was auf ihren Beitrag zu den pathologischen Merkmalen von Keloiden
hindeutet. Da Schwann-Zellen bisher nicht mit der Ausbildung von Keloiden in Verbindung
gebracht wurden, wurde ein Vergleich der keloidalen Schwann-Zellen mit Schwann-Zellen
aus dem kutanen Neurofiorom Typ 1, einer durch diesen Zelltyp verursachten
Hauterkrankung, durchgefiihrt. Diese gemeinsame Analyse wies auf unterschiedliche
pathologische Wurzeln hin und deckte das Fehlen entziindungsférdernder Faktoren in
Keloidzellen auf. Eine potenzielle Wechselwirkung von Schwann-Zellen und Makrophagen in
Keloiden wurde identifiziert, was auf die Anziehung und M2-Polarisierung von Makrophagen
durch keloidale Schwann-Zellen und die Erzwingung der Dedifferenzierung und
Aufrechterhaltung eines aktivierten Zustands von Schwann-Zellen durch keloidale
Makrophagen hindeutet. Eine eingehende Analyse unabhangiger Einzelzelldatensatze
verifizierte das gewebespezifische Vorhandensein von keloidalen Schwann-Zellen und
ebnete den Weg zur Definition eines charakteristischen Transkriptionsmusters von
einundzwanzig Genen zur Identifizierung dieses speziellen Schwann-Zelltyps in anderen

fibrotischen Geweben. Zusammengefasst wurde ein neuartiger pro-fibrotischen Schwann-
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Zelltyp identifiziert, welcher in Keloiden persistiert und ein interessantes neues Ziel fur

therapeutische Interventionen zur Reduktion oder Préavention von Keloiden sein kénnte.
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1 CHAPTER ONE: INTRODUCTION

1.1 The human skin and its functions

Naturally, an organism living on dry land requires a spatial demarcation from its environment,
an integument (Madison, 2003). In case of humans and animals this purpose is served by
the skin. An average adult human body is covered by about 2 square metres of skin and
comes along with a varying thickness mostly around 2 millimetres (Mosteller, 1987; Wei et al,
2017). The skin is often termed as the largest organ of the human body, however, from the
surface perspective it ranks third after the lung (50 square metres) and the gut (30 square
metres) (Hasleton, 1972; Helander & Féandriks, 2014). In terms of weight the musculoskeletal
system, which has to be considered as an organ in this context, is the heaviest organ in the
human body before the skin (Sontheimer, 2014). Beside its task as physical barrier for the
body, the skin comprises multiple further important functions in different vital areas. It is, for
example used as storage area for an oversupply of lipids (Wajchenberg, 2000). The skin
controls the body temperature through vasodilatation and vasoconstriction as well as by the
production of sweat (Romanovsky, 2014). It is also capable of absorbing specific substances,
this skin feature is utilized in medical fields for the application of therapeutics (Leppert et al,
2018; Singh Malik et al, 2016). The human integument provides a natural barrier to protect
the inside of the body from external harm. This implicates not only physical and mechanical
damage, but also pathogens and ultraviolet radiation (D'Orazio et al, 2013; Lin & Fisher,
2007; Madison, 2003; Nguyen & Soulika, 2019). Furthermore, the skin as a major sensory
organ of our environment. Tactile perception, pain, pressure, temperature, and elongation
are detected by different specialized receptors spread through the skin (Zimmerman et al,
2014). In addition, these sensations also alert the individual to prevent from external harm by
temperature or mechanical stress. The skin further serves as an immunological organ to
protect the organism from external pathogens through immune cells resident in the skin but
also by recruiting immune cells to the required skin site (Kabashima et al, 2019).

The human skin is composed of an epidermal, a dermal and a subcutaneous layer. The
epidermal layer, as outermost layer, can be divided into four to five layers: stratum corneum,
stratum lucidum (solely on palms and soles), stratum granulosum, stratum spinosum and
stratum basale. The cellular landscape of the epidermis consists of keratinocytes, Merkel
cells, Melanocytes and Langerhans cells, whereas keratinocytes make up the major cell type
in the epidermis (95 %). Basal, non-differentiated keratinocytes are located in the
eponymous stratum basale (Hsu et al, 2014). They continually proliferate and the resulting
new keratinocytes move towards the body surface. This migration comes along with cellular

differentiation and morphologic transformation called keratinization (Smack et al, 1994). The



keratinocytes are connected to each other by desomosomes, get flattened, release their
lipids to form a lipid barrier and finally differentiate into anucleated corneocytes (Fuchs,
1990). The stratum corneum is the outermost layer of the epidermis and consists of multiple
corneocyte layers. The majority of the barrier function of the skin is provided by the stratum
corneum (Murphrey et al, 2022). Melanocytes are pigmented cells derived from the neural
crest that are responsible for the production of melanin which in turn creates the skin color,
supports thermoregulation and protects against detrimental ultraviolet radiation (Adameyko
et al, 2009). Merkel cells are mechanoreceptors detecting gentle touch sensations. Both cell
types, Melanocytes and Merkel cells are located in the stratum basale (Lin & Fisher, 2007;
Zimmerman et al., 2014). Langerhans cells are primarily located in the stratum spinosum.
They are specialized tissue-resident macrophages and have important functions in immune
homeostasis of the skin to prevent infections (Deckers et al, 2018).

The dermal layer of the skin can be divided into a papillary and a reticular area. The papillary
dermis starts directly beneath the basal lamina of the epidermis. It forms multiple protrusions
into the epidermal layer and includes many capillaries and the subepidermal nerve plexus
(Reinisch & Tschachler, 2012; Shirshin et al, 2017). The reticular part is much thicker and
consists to a large extent of extracellular matrix (ECM), such as collagen, proteoglycans, and
elastic fibres (Krieg & Aumailley, 2011; Losquadro, 2017). However, the cellular density and
the proteoglycan content is higher in the papillary dermis (Mine et al, 2008; Smith & Melrose,
2015). Fibroblasts form, together with myofibroblasts, mast cells, lymphocytes, monocytes
and macrophages, the cellular part in the dermis (Nguyen & Soulika, 2019). Hair follicles,
sebaceous glands, sweat glands as well as various nerve receptors, such as Meissner
corpuscle, Pacinian corpuscle and Ruffini endings, are spread through the dermis
(Losquadro, 2017; Zimmerman et al., 2014). Vascular-nerve bundles pervade the dermis to
supply nutrients and drain waste substances (Losquadro, 2017; Zimmerman et al., 2014).
The subcutaneous layer, also known as hypodermis, is used as energy storage for surplus
lipids, which simultaneously exerts a heat-insulating effect. The major cell types are
fibrocytes, adipocytes as well as macrophages. It consists of solely loose connective tissue,
bigger vessels and nerves, and forms a gliding layer to protect the skin (Driskell et al, 2014;
Geyer et al, 2014; Wong et al, 2016).



Anatomy of the healthy skin
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Figure 1: Anatomy of the human skin

1.2 Wound healing

A wound can be defined as a disruption of normal tissue that comes along with a loss of
organ functions (Lazarus et al, 1994). Two major types of wounds can be distinguished
closed/inner wounds and outer/open wounds (Reinke & Sorg, 2012). Inner wounds concern
injuries of inner organs, whereas open wounds involve damages of the integument (Reinke &
Sorg, 2012). Several cells as well as chemotactic factors and growth factors are involved in
the complex process of wound healing in the skin. Ideally, the skin is restored in its previous
state, however this regeneration process only occurs in fetal skin or mucosa (Szpaderska et
al, 2003; Wilgus, 2007). The wound healing of the adult skin can be divided in three up to five

partly overlapping phases.
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Figure 2: Stages of Wound Healing

1.2.1 The haemostasis phase

The first and initial phase is the haemostasis phase. Haemostasis starts within seconds
following damage and lasts for some hours (Ud-Din & Bayat, 2014). The vessel damage
induced by an external trauma of the skin causes an abrupt loss of blood and lymph fluid
through the wound (Strodtbeck, 2001). The vascular integrity needs to be re-established, but
in the beginning it also contributes to the healing process by cleansing potential pathogens
and antigens from the wound (Strodtbeck, 2001). To prevent the body from severe blood loss
and thereof resulting shock situations, multiple actions start at the same time. Trigger for this
activation is the non-physiological contact of blood cells with dermal tissue due to the break
of boundaries (Mackman et al, 2007). Within seconds, platelets induce vasoconstriction to
ensure haemostasis (Martin, 1997). Due to the vasoconstriction, the early wound site is
characterized by a low level of oxygen and a decrease of the pH for about 4 days. This state
comes along with evident pain behaviour induced by secreted enzymes and mediators (Hunt
& Hopf, 1997; Woo et al, 2004). Damaged cells further release clotting factors to activate the
extrinsic coagulation cascade (Mackman et al., 2007). The contact of platelets with
extracellular collagen on the other hand, starts the intrinsic aggregation system (Mackman et

al., 2007). Platelets secrete thrombin, a serine protease that supports the aggregation
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process and transforms the plasma fibrinogen into an insoluble fibrin clot (He et al, 2010).
The generated haemostatic clot forms a scaffold that acts as temporal protection and
additionally fills the bare inner tissue with a provisional matrix for incoming cells (Martin,
1997). It consists of cells (e.g., erythrocytes, platelets) and proteins (fibrin, fibronectin,
thrombospondin, vitronectin, and others) (Martin, 1997). After 5 to 10 minutes, histamine,
thrombin and other factors release the constriction of the vessels and induce a vasodilatation
that peaks around 10 to 15 minutes later (Mahdavian Delavary et al, 2011; Reinke & Sorg,
2012). This change is also the reason for the visible local redness and potential oedema
formation at the wound site (Reinke & Sorg, 2012). Beside thrombin, platelets also release
several other cytokines and growth factors via granules, such as C-C Motif Chemokine
Ligand 5 (CCL5), transforming growth factor beta (TGF-R), vascular endothelial growth factor
(VEGF), platelet derived growth factor (PDGF) (Mahdavian Delavary et al., 2011). The
coagulation clot acts hereby as a kind of cytokine and growth factor reservoir (Martin, 1997).
As it takes some time to establish the required cells and factors for proper wound healing in
the wound environment, the haemostasis phase is also known as “Lag’-phase. (Robson et
al, 2001). The released thrombin stimulates cells such as endothelial cells and peripheral
blood mononuclear cells to secret pro-inflammatory factors as C-C Motif Chemokine Ligand
2 (CCL2, alternatively MCP-1), interleukin 1 beta (IL-1p), interleukin 6 (IL-6), interleukin 8 (IL-
8), tumour necrosis factor alpha (TNF-a), or interferon gamma (IFN-y) (Mahdavian Delavary
et al., 2011; Marin et al, 2001). The secreted cytokines induce the attraction of cells like
keratinocytes, fibroblasts, endothelial cells and support the transendothelial migration of
neutrophils and monocytes to the wound side which is important for the start of the
inflammation and proliferation phases (Morton & Phillips, 2016).

1.2.2 The inflammatory phase

The inflammation phase starts already during the haemostasis phase within hours after injury
and lasts for at least 2 weeks (Shah et al, 2012). It can be divided in two cellular parts, the
neutrophil and the monocyte response. Released histamine induces an increased porosity of
the dilated vessels, which additionally supports the attraction and migration of leukocytes
(Komi et al, 2020). Circulating neutrophils get attracted and invade the wound area (Singer &
Clark, 1999). They are present for a few days and perform crucial tasks in the early healing
process (Eming et al, 2007). They defeat microorganisms by phagocytosis or by secretion of
proteinases (neutrophil elastase, cathepsin G, urokinase-type plasminogen activator) or
antimicrobial substances and remove necrotic and damaged tissue by the release of
enzymes as collagenases and others (Eming et al., 2007). Exerted neutrophils are
phagocytosed by macrophages or pass into the eschar (Meszaros et al, 1999; Thomas et al,
1999). Neutrophils produce multiple pro-inflammatory factors as TNF-a, interleukin 1 alpha

(IL-1a), IL-1B, IL-6 and CCL2 to recruit further neutrophils, monocytes, keratinocytes, and
5



fibroblasts and additionally to differentiate monocytes (Hubner et al, 1996; Werner & Grose,
2003). Three days after wounding, macrophages are the predominate cell type at the wound
site and support the healing process by phagocytosis of foreign bodies, organisms and dead
neutrophils (Mahdavian Delavary et al., 2011). In response to the increased number of
cytokines and other factors (CCL2, C-C Motif Chemokine Ligand 3 [CCL3], transforming
growth factor alpha (TGF-a), fibronectin, elastin, p75 neurotrophin receptor [NGFR]) in the
wound area, circulating monocytes get in contact with the vessel wall and subsequently, the
adhesion cascade is activated monocytes interact with endothelial cells by their glycoprotein
ligands (Mahdavian Delavary et al., 2011). Further chemotactic signals promote binding of
integrins on the monocyte surface with receptors of endothelial cells leading to an adhesion
and transmigration through the endothelium into the tissue (Imhof & Aurrand-Lions, 2004). A
chemotactic gradient leads the leukocytes to the avascular area of the wound (Morton &
Phillips, 2016). Binding of integrin receptors and selectin to matrix proteins as cell adhesion
molecules (CAMs) supports the monocyte movement (Brown, 1995). The early
microenvironment of the wound consists of cytokines typical for inflammation (IFN-y,
interleukin 4 [IL-4], interleukin 10 [IL-10]) that support the differentiation of monocytes into
macrophages (Stout et al, 2009). In general, there are two polarization forms of
macrophages that play an important part in the wound healing of the skin. M1 macrophages,
driven by IFN- y, are actively involved in inflammation to defeat pathogens and are
characterised by an increase of C-X-C motif chemokine 2 (CXCL2), IL-13, CD16, CD32,
CD80 and CD86 (Shi et al, 2019; Yunna et al, 2020). M2 macrophages, driven by IL-4,
suppress inflammation and support proper wound healing, tissue formation and angiogenesis
(Lawrence & Natoli, 2011). M2 macrophages characteristically express arginase-1, mannose
receptor (CD206), IL-10, CD163, C-C Motif Chemokine Ligand 17 and 22 (CCL17, CCL22)
(Buechler et al, 2000; Yunna et al., 2020). A balance of both polarizations is crucial for
successful wound healing. During the inflammation phase, M1 polarization dominates
whereas in the later states M2-macrophages prevail (Daley et al, 2010; Goerdt & Orfanos,
1999). Macrophages further present antigens to T-cells, release pro-inflammatory proteins,
growth factors and cytokines to attract fibroblasts, monocytes and neutrophils and support
cell proliferation and matrix production by fibroblasts (Baum & Arpey, 2005). Macrophages
that do not contribute to the defence, persist, and presumably change their polarization into
M2 later on (Khallou-Laschet et al, 2010).

1.2.3 The proliferation phase

The proliferation phase is initiated between 2 to 14 days after the skin damage (Robson et
al., 2001). This phase can be divided in three to four parts: fibroplasia and granulation tissue

formation, angiogenesis, and re-epithelialization.



During fibroplasia, fibroblasts start to enter the wound site within 2-3 days after injury
mediated by PDGF, basic fibroblast growth factor (FGF2), TGF-3 and others (Robson et al.,
2001). Cellular movement within the fibrin network is enabled by the secretion of matrix
metalloproteases (MMPs) which break down fibrin and other matrix components (Yager &
Nwomeh, 1999). This proteolytic function is later limited by TGF-3 and connective tissue
growth factor (CTGF) (Duncan et al, 1999). Fibroblasts adjust to synthesize collagens,
elastin, and other proteins of the ECM, as fibronectin, proteoglycans, hyaluronic acid (Eckes
et al, 2010). They form the basis for a new matrix and close the wound-induced tissue gap
(Martin, 1997). Collagen deposition begins with the invasion of fibroblasts and peaks about
5-7 days after wounding (Morton & Phillips, 2016). The resulting granulation tissue replaces
the provisional matrix formed by the clot (Gurtner et al, 2008). The granulation tissue
appears red due to the high vascularization and is very vulnerable (Reinke & Sorg, 2012).
The ECM is important for development and movement of cells. Balance of matrix production
is ensured by a decrease of matrix production by fibroblast with exuberant increasing ECM
(Mahdavian Delavary et al., 2011). Wound contraction starts about 4 days after injury (Baum
& Arpey, 2005). Triggered by TGF-31 and PDGF, fibroblasts differentiate into myofibroblasts,
which contract the wound site, restore mechanical strength and produce even more ECM
proteins (Werner & Grose, 2003).

Re-epithelialization of the wound surface is important to restore the barrier function of the
skin and starts about 3 days after wounding (Reinke & Sorg, 2012). Keratinocytes proliferate
and migrate, induced epidermal growth factor (EGF), keratinocyte growth factor (KGF), TGF-
a, TGF-R1, VEGF and others, from the wound margin into the wound bed (Werner & Grose,
2003). This process is further supported by stem cells from sweat glands and from the bulge
region of hair follicles (Miller et al, 1998; Taylor et al, 2000). The lack of contact inhibition and
physical tension leads to an intracellular reorganization of tonofilaments and induces
migration of cells located at the wound borders (Jacinto et al, 2001). Intercellular,
desmosomal connections are being released which enables cellular migration of
keratinocytes, guided by a chemotactic gradient over the fibronectin-rich matrix of the upper
wound site (Clark, 1983; Clark et al, 1982; Wallis et al, 2000). RhoGTPases and small
GTPases ensure a structured epithelialization process (Nobes & Hall, 1995, 1999). Plasmin
and diverse MMPs pave the way for wound covering keratinocytes (Nussenzweig et al, 1961,
Ravanti & Kahari, 2000). Cellular contact with cells of the opposite wound site induces
migration stop and intercellular connection (Santoro & Gaudino, 2005). This re-
epithelialization process steadily covers the wound area. Afterwards the basal lamina and
epidermal layers are re-established from outside in (Mahdavian Delavary et al., 2011).

The avascular wound area results in a nutrition deficiency. Hence, novel vessels sprout from

intact vessels into the undersupplied area (Sorg et al, 2007). Angiogenesis starts with the



activation and migration of endothelial cells from intact vessels induced by pro-angiogetic
factors as VEGF, TGF-B3, angiopoietin and others (Tonnesen et al, 2000). After being
activated, endothelial cells secrete proteolytic enzymes to dissolve their basal lamina and
start to proliferate and migrate to form tubular sprouts (Reinke & Sorg, 2012). M2
macrophages are crucial for angiogenesis as they are supposed to stimulate the endothelial
cells at the sprouting tips via VEGF and guide them to other sprouts to form vessel loops
(Fantin et al, 2010; Tammela et al, 2008). Afterwards, the vessel loops differentiate into
capillary networks (Tonnesen et al., 2000). Pericytes and smooth muscle cells are attracted,
which support the adaption and stabilization the vessel wall (Gao et al, 2021; Teichert et al,
2017). Neovascularization of disrupted skin follow a regular pattern called “sola cutis se

reficientis”, visually like a shrinking sun, that disappears upon completion (Sorg et al., 2007).

1.2.4 The remodelling phase

The last phase, the so-called remodelling phase, takes weeks up to years upon injury
(Gurtner et al., 2008). During the remodelling process, most wound healing processes are
downregulated and the majority of cells leave the tissue or undergo apoptosis (Gurtner et al.,
2008). The angiogenesis stops and the blood flow subsides due to decreasing nutrient
demand (Mahdavian Delavary et al.,, 2011). A mature scar is characterised as almost
avascular and acellular tissue (Gurtner et al., 2008; Sorg et al., 2007). MMPs in combination
with inhibitors of metalloproteinases finally rearrange the ECM (Lovvorn et al, 1999). The
predominant collagen type Ill produced in the proliferation phase is replaced by the stronger
collagen type | which persists as large, organized parallel fibres (Lovvorn et al., 1999). After
wounding the tensile strength increases by the time and reaches 20 % about 3 weeks and
80 % about 12 months of the healthy skin strength (Levenson et al, 1965). However, a scar
never reaches the robustness of the intact skin and literature describes 80% strength as

maximum outcome (Clark, 1985; Levenson et al., 1965).

1.2.5 Treatments to support proper wound healing

Proper wound healing can be supported by different therapy options. Dressings are the most
common ways to support the wound healing as contact layer dressing, semipermeable films,
hydrocolloids, foam, or hydrogels (Hawthorne et al, 2021). Antimicrobial dressings are also
state of the art to prevent wound infection. Natural substances as honey or aloe vera further
show successful treatment effects (Hawthorne et al., 2021; Molan & Rhodes, 2015). In
special cases, wound healing is supported by negative pressure wound therapy (Hawthorne
et al., 2021). A further approach, especially in chronic wounds, is to provide an environment
beneficial for the healing process. This comprises scaffolds, usually composed of ECM
components to provide a temporary covering and to promote cellular infiltration (Rodrigues et

al, 2019). A further option represents the cell-based therapy, involving cultured epidermal
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autografts, artificial skin equivalents consisting of neonatal keratinocytes, scaffolds with
neonatal, dermal fibroblasts or allografts of human amnion/chorion membrane (Rodrigues et
al., 2019). Beside the cell-based therapy, the acellular, secretome-based therapy as well as
platelet-rich plasma showed promising results in the treatment of wounds (Hacker et al,
2016; Mildner et al, 2013; Simader et al, 2017; van der Bijl et al, 2021).

1.3 A scaris not a scar

The wound healing process typically ends up with a scar. In the US, there is an annual $12
billion market for scar treatment (Sen et al, 2009). Unfortunately, there is no reliable method
or instrument to predict abnormal scarring after wounding. Around 100 million patients per
year get scars from surgery in the developed world alone (Brown et al, 2008). About 90% of
patients with severe burn injury and about half of all operated patients get a hypertrophic
scar (Gauglitz et al, 2011). The general prevalence varies, but appears to be higher in
Caucasians (Bombaro et al, 2003). Healing- and reepithelialisation-time as well as the injury
depth is important for the outcome of scar formation (Kwan & Tredget, 2017). Most of the
time, damage of the superficial skin does not end up in a scar (Monstrey et al, 2008). The
likelihood of scar formation and the required time for healing increases with increasing
harmed skin depth (Monstrey et al., 2008). The quality of the scar is an important parameter
to evaluate the outcome of wound healing. Under ideal conditions, the scar presents in the
beginning as firm, haemostatic and slightly raised (Bayat et al, 2003). It matures for about 6
to 9 months, afterwards it flattens, gets normotrophic, aesthetic and pale (Burd & Huang,
2005). The final outcome is defined as normal scar. However, external and internal impacts
affect the extent of scar formation and its outcome. Possible variants are the caving atrophic,
the stretched and the excessive hypertrophic scar (Bayat et al., 2003).

The atrophic scar manifests as a dell in the skin. It may be caused by acne vulgaris and can
be subdivided in icepick, rolling and boxcar scars, classified by their depth and form of
depression (Jacob et al, 2001). Complications of atrophic scars is the increased burden of
disfigurement leading to psychological problems and social stigma, especially when scars
occur in the face (Koo & Smith, 1991).

The stretched scar increases its width within 6 months after injury for about one and a half of
the normal scar and commonly occurs after surgery (Sommerlad & Creasey, 1978).
Especially interventions in the knee or shoulder area lead to this type of soft, pale, and
symptomless scar (Bayat et al., 2003).

The hypertrophic scar on the other side appears as firm, rigid, raised, erythematous fibrotic
tissue restricted by the boundaries of the original wound and develops within 4-8 weeks after

skin damage (Bayat et al., 2003; Gauglitz et al., 2011). In the beginning, the development of
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hypertrophic scars is similar to normal scars, but complex and exuberant fibrosis causes
worse final outcome (Gabriel, 2011). In addition to the aesthetic aspect, a hypertrophic scar
comes along with pain and pruritus (Gauglitz et al., 2011). As hypertrophic scars commonly
occur over joints, their increased contraction also leads to restricted mobility (Engrav et al,
1987). Hypertrophic scars may occur following burn injury, surgeries, or fractures (Esselman
et al, 2006; Gabriel, 2011). Hypertrophic scars arise especially from wounds in areas of high
tension, whereas in areas as scalp, palm, sole or eyelid, the formation of hypertrophic scars
is rare (Matsumura et al, 2001). Skin areas frequently confronted with increased mechanical
stress are the anterior chest (respiration, limb movement), the shoulder (body bending, limb
movement), and suprapubic regions (body bending) (Ogawa, 2011). Sometimes hypertrophic
scars regress. They decrease, get softer and almost achieve features of normal scars
(Niessen et al, 1999). The occurrence of hypertrophic scars after surgery can be prevented
significantly by an accurate wound care and proper tape fixation (Ogawa, 2022). Treatment
options for already existing scars, especially for hypertrophic scars, are compression
therapy, gel sheets, scar massage, corticosteroids in different regional applications, laser or
surgical interventions as excision or, in more complex cases, geometrical techniques to

reduce the tension (Ogawa, 2022).

1.4 Processes affecting the extent of scar formation

Scar formation is a sensitive interplay of various mechanisms. Involved processes can be
roughly divided in contraction, mechanical stretching, and inflammation. Failure or alterations

of one or more steps affect the extent of scar formation significantly.

1.4.1 Contraction, a scar type affecting factor

Scar contraction is primarily conveyed by myofibroblasts and fibroblasts (Nedelec et al,
2000). Myofibroblasts differentiate after 1-2 weeks upon injury by TGF-3, and PDGF from
fibroblasts (Kwan & Tredget, 2017; Werner & Grose, 2003). Recent findings additionally
reported an involvement of the serine proteases, especially dipeptidyl-peptidase 4 and
urokinase, in the differentiation process of fibroblasts into myofibroblasts (Vorstandlechner et
al, 2021). They can contract the wound for about 0.75 mm per day and usually disappear
gradually afterwards (Marshall et al, 2018). It is supposed, that in hypertrophic scars a high
number of myofibroblasts endure and induce the characterizing painful, rigid scar contraction
(Marshall et al., 2018). Persistent fibroblasts, in addition, show enhanced production of
collagen, TGF-R and CTGF (Wang et al, 2008). They also induce contraction by an
increased traction, stronger than required for their movement, whilst they migrate through the

matrix of the scar (Harris et al, 1981). Mechanically induced changes of the tissue also
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promote differentiation of fibroblasts in myofibroblasts (Ogawa, 2011). High tension also
prevents myofibroblasts and other cells from apoptosis through a protein kinase B-dependent
mechanism, which furthermore promotes the fibrotic process (Aarabi et al, 2007; Derderian
et al, 2005).

1.4.2 Mechanical stretching affects scar extent

Mechanic impacts on the scar formation can come from outside as compression, shear force,
stretching tension or compression, but also from inside as induced by growth, by osmotic or
hydrostatic pressure (Demling, 2005; Dunkin et al, 2007; Lund et al, 1992; Melis et al, 2006;
Ohura et al, 2008). Skin injuries per se cause an acute major change in the field of tension.
Wound healing with its tissue altering phases further leads to persistent changes in tension.
Mechanisms in the haemostasis and inflammation phase can cause pressure changes due
to oedema and changes of circulation in the wound area and the surrounding skin (Orgill et
al, 2009). During the proliferative and the remodelling phase, the wound gets closed and
contracted. The influence of external forces during this time has a significant impact on the
guality of the final scar (Ogawa, 2011; Silver et al, 2003). Nerve fibre receptors and
mechanical sensors and receptors capture mechanical impacts on the integument (Lansman,
1988; Sokabe & Sachs, 1990; Steen et al, 1992). These include mechanosensitive ion
channels (Mg?*, K*, Na?', Ca?"), cell adhesion molecules, the cytoskeleton but also
mechanosensitive nociceptors for the impression of tension or compression (Giamarchi et al,
2006; Hamill, 2006; Ingber, 1993; Ingber et al, 1986; Inoue et al, 2006; Sokabe & Sachs,
1990; Steen et al., 1992). Cell adhesion molecules form the connection between the ECM
and the cytoskeleton of the cells and are also in contact with mechanosensitive ion channels
(Sokabe et al, 1997). Any spatial shift of the tissue impairs the cytoskeleton and in this
context the ion channels (Sokabe et al., 1997). This stimulus will be transformed into
electrical signals which induce cellular proliferation, as well as epithelium and blood vessel
formation (Ogawa, 2011). The mechanical change stimulates TGF-R production and
activation, induces G proteins to promote cell growth and increases epidermal growth factor
activation through calcium channels (Silver et al., 2003; Wang et al, 2006; Wipff et al, 2007).
Nerve fibre receptors, as mechanosensitive nociceptors, get activated by mechanical stress
(Steen et al., 1992). The stimulus is passed through the dorsal root ganglia into the afferent
spinal nerves (Scholzen et al, 1998; Yamaoka et al, 2007). This leads to a release of
neuropeptides in the skin through the distal ends of the spinal nerves (Yamaoka et al., 2007).
Neuropeptides, as somatostatin, neurokinin A, substance P and others, have a direct impact
on skin cells as fibroblasts, endothelial cells or leukocytes and may promote inflammation
(neurogenic inflammation), cell accumulation, growth, and proliferation directly at the area of
mechanic action (Foreman, 1987a, b, 1988; Holzer, 1998; Liu et al, 2006; Senba & Kashiba,

1996). A relationship between hypertrophic scarring and the activity of neuropeptides and
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neurogenic inflammation has been discussed (Akaishi et al, 2008; Chin et al, 2009; Scott et
al, 2007; Scott et al, 2005). In conclusion, skin tension must be balanced, as it is important
on the one side for skin growth, expansion, proper wound healing and wound contraction. On

the other side, excessive tension seems to promote abnormal extensive scarring.

1.4.3 Inflammation, the crucial impact of a wound healing phase on the scar formation

Inflammation is an important part of proper wound healing. The involved cells and mediators
defeat potential pathogens and bacteria to prevent infection and affect the production of
ECM. However, prolonged inflammation phase is accompanied with higher risk of either
chronic non-healing wounds or excessive scar formation (Niessen et al., 1999; van der Veer
et al, 2009). The Inflammation extent during wound healing/ scar formation has been
reported to correlate directly with the scar size (Mak et al, 2009; Ogawa, 2017). Inflammatory
cells, mediators and signalling pathways thereby determine the intensity and duration of the
inflammation process and therefore the extent of scarring. The inflammatory immune
response is initiated by damage-associated molecular patterns (DAMPSs) and pathogen-
associated molecular patterns (PAMPs) (Tang et al, 2012). DAMPs are endogenous
molecules secreted or released by cells due to damage or stress (Tang et al., 2012). Typical
DAMPs can be metabolites but also proteins that activate immune cells and promote their
attraction to the wound site (Tang et al., 2012). The species-specific pattern recognition
receptors (PRRs) are present on immune cells as well as tissue cells (Tang et al., 2012).
PAMPs, which can be found on pathogen-specific proteins, such as DNA, certain
carbohydrates, bacterial cell walls, and others, activate PRRs and thus promote the process
of inflammation (Tang et al., 2012). Neutrophils and macrophages, as major cells in the
inflammation phase, but also T-cells and mast cells appear to have an important impact on
the extent of scar formation. The early inflammatory phase is orchestrated by neutrophils
(Singer & Clark, 1999). Neutrophils release neutrophil extracellular traps (NETS) to capture
and Kill bacteria (Chrysanthopoulou et al, 2014). In vitro studies reported the ability of NETs
to activate pro-fibrotic pathways in fibroblasts and to promote ECM production in
myofibroblasts (Chrysanthopoulou et al., 2014). Macrophages have been reported as a
crucial cell population for a successful healing process of the skin (Mahdavian Delavary et
al., 2011). The balance of M1 and M2 macrophages plays thereby an important part. As
previously described are M1 macrophages the predominant cell type in the second part of
the inflammatory phase (Daley et al., 2010). Induced by the chemokine CCL2 amongst other
factors, monocytes enter the wound site and differentiate in M1 macrophages (Mahdavian
Delavary et al., 2011). M1 macrophages further enhance the inflammation by the release of
several pro-inflammatory cytokines (Baum & Arpey, 2005). However, an increase of
especially M2 polarized macrophages was described in abnormal scars (Butzelaar et al,

2016). The pro-fibrotic M2 macrophages are the predominant macrophage type later during
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wound healing and even support to dissolve the inflammation (Goerdt & Orfanos, 1999;
Greenlee-Wacker, 2016). In a murine depletion model, a lack of macrophages in the
inflammatory phase has been shown to be beneficial for a limited scar formation (Lucas et al,
2010). Depiletion in the proliferation phase however, promoted severe bleeding of the wound
and a lack of macrophages during remodelling revealed even no relevant effect on the scar
formation (Lucas et al., 2010). T-cells are divided in cytotoxic T-cells (CD8+) and helper
(CD4+) T-cells. Helper T-cells are further subdivided in Thl, Th2, regulatory T cells and
others. With regard to scar formation, Th2 cells support fibrotic functions as the collagen
formation by the release of interleukin 13 (IL-13) and IL-4 (Trace et al, 2016). Regulatory T-
cells also exert fibrotic tasks in vitro, as they decreased the collagen production in co-culture
of regulatory and other helper T-cells derived from healthy donors with abnormal scar-
derived fibroblasts (Murao et al, 2014). However, this effect was reversed when other helper
T-cells were excluded from the co-culture-setting (Chen et al, 2019). This phenomenon
indicated a direct and an indirect impact on the collagen production of fibroblasts by
regulatory T-cells. In contrast, scar-derived helper T-cells have a pro-fibrotic impact on
healthy fibroblasts (Wang et al, 2007). In contrast to Th2 and regulatory T cells, Thl cells
rather inhibit scar formation, as they release IFN-y, which affects fibroblast proliferation and
collagen type | and Il expression (Wynn, 2004). The amount and activation of mast cells also
directly correlate with increased scarring (Bagabir et al, 2012a). A positive effect of mast cells
on the collagen secretion and proliferation features of fibroblasts through the release of
factors as FGF2, IL4 of VEGF has been reported (Komi et al., 2020). However, the general
impact of mast cells on the formation of scars in humans is still uncertain.

During the wound healing process, multiple immune cells and skin tissue cells release
inflammatory cytokines to promote the immune response. Later on, the release of anti-
inflammatory cytokines supports the phase transition and is crucial for the proliferation and
remodelling. Maladjustment of the soluble microenvironment affects regular scar formation.
An increase of interleukin 17 (IL-17) for example, is detected in hypertrophic scars (Zhang et
al, 2018). The high IL17 concentration is attributed to a release by macrophages and
promotes inflammation as well as CCL2, C-C Motif Chemokine Ligand 7 and 8 (CCL?7,
CCL8) concentration (Zhang et al., 2018). Other cytokines as C-X-C motif chemokine 12
(CXCL12) or CCL2, have also been discussed as major directing factors in scar formation
(Ferreira et al, 2006; Nishiguchi et al, 2018). In contrast, anti-inflammatory cytokines have a
positive effect on scar formation and support regular scarring (Shi et al, 2016). The anti-
inflammatory cytokine IL-10, for example has a limiting effect on the extent of scar formation
(Shi et al., 2016). Beside the cytokine-theories, several pathways are involved in scar
formation. Especially Wnt/3catenin, TGFf3/Smad, NF-kB and signal transducer and activator

of transcription 3 (STAT-3) signalling are crucial for the formation of normal scars (Ogawa,
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2011). It is therefore not surprising that these pathways are also enhanced in abnormal scars
(Gabriel, 2009; Ray et al, 2013; Wang et al, 2020).

In conclusion, the extent and characteristics of a scar depend on a complex interaction of
multiple mechanisms during the wound healing process. In general, a prolonged
inflammatory phase as well as constant mechanical stress at the wound site increase the

possibility for pathologic scar formation.

1.5 The keloid

For many years, keloids have been defined as a type of fibroproliferative abnormal scar,
characterised by an excessive continuous growth beyond the original borders of the wound
(Tan et al, 2019). This definition is debatable as keloids even appear after a minimal trauma,
like an insect bite or a vaccination, and even though many mechanisms in the keloid are
typical for scarring, the pathology shows some tumour-like features (English & Shenefelt,
1999; Tan et al., 2019). About 3000-2500 B.C. the ancient Egyptians already described a
kind of large, hard bulging tumour that spreads. This pathologic phenomenon coincides with
current descriptions of keloids (Breasted, 1930). However, this knowledge appeared to be
forgotten or irrelevant. As late as the early 19" century, the tumor-like scar was re-described
by Jean Louis Alibert. In 1817, he coined the term “keloid” in reference to one of the two
most common keloidal shapes and its horizontal growth like the laterally movement of a crab
(Murray et al, 1981). Racial ethnicity has been mentioned as one of the strongest impacts on
the incidence of keloids, as people with dark pigmented skin have an increased risk to
develop keloids (Burd & Huang, 2005; Wolfram et al, 2009). The incidence ranges in the
Hispanic and Black population between 4.5 and 16 %, while the Asian and Caucasian
population show an incidence below 1 % (Rockwell et al, 1989; Seifert & Mrowietz, 2009;
Sun et al, 2014). More recent findings support this data, with increased levels of keloid
development in African American patients following caesarean section or head and neck
operations compared to Asian and Caucasian patients (Tulandi et al, 2011; Young et al,
2014). However, the actual skin colour in Africans appears not to induce keloid formation, as
light pigmented Africans have an almost similar increased risk for keloid formation than dark
pigmented Africans (Kiprono et al, 2015). This might be explained by the higher familial
incidence of keloids. First-degree relatives in the Chinese populations showed a heritability of
72 %, followed by second- and third-degree relatives with a risk of 41 % and 17 %,
respectively, to develop a keloid (Lu et al, 2015). In addition, close relatives are also more
likely to develop even more serious keloids (Bayat et al, 2005; Lu et al., 2015). In addition, a
common risk for keloid development was identified in twins (Marneros et al, 2001). Although,

several signs suggest keloids as a hereditary pathology, related genes have so far not been
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identified (Glass, 2017). Gender-specific differences in keloid occurrence have been
described with increased levels of keloids in women (Bayat et al., 2005). However, these
findings should be considered with caution, as they could be affected by an increased
cosmetically and aesthetically awareness of women compared to men (Burd, 2006). There is
no age limit for keloid formation, but a striking increased occurrence has been described in
individuals between 10 and 30 years of age (Bayat et al., 2005). This age span includes
years of significant endocrinological changes in humans, such as puberty or pregnancy,
which suggests an impact of increased endocrinologic activity on the pathologic mechanisms
of keloids (Seifert & Mrowietz, 2009).

The trigger for the formation of a keloid reaches from minor traumas such as insect bites up
to wounds caused by surgical intervention (English & Shenefelt, 1999). Other promoting
minimal traumas could be injuries such as abrasions, blunt traumas or lacerations but also
tattoos or piercings (English & Shenefelt, 1999). Sometimes, keloids even arise out of an
inflammatory area without any injury such as herpes zoster, acne, and others. In case of
keloids, the tissue response to these small kind of skin damages is exaggerated and
induces, in some cases, subsequently more damage than the initial harming action.

On a histopathologic level, the keloid is mostly characterised by an increased epidermal
thickness, thick and loosely cross-linked collagen bundles, reduced number, or absence of
rete pegs and increase of fibroblasts, myofibroblasts, fibrocytes, immune and endothelial
cells (Limandjaja et al, 2020). Alpha smooth muscle actin (a-SMA) expression and dermal
nodules often were described as distinguishing factors between hypertrophic scars and
keloids. However, these phenomena have already been proven in both tissue types, whereas
the unique collagen bundles remain, at least so far, keloid characteristic (Huang et al, 2014).
Typical areas for keloid formation are, like hypertrophic scars, areas of high tension as the
shoulder, the sternum, and the neck, but also the earlobes and the upper limbs (Bayat et al.,
2005; Bella et al, 2011; Burd & Huang, 2005; Monstrey et al, 2014; Murray et al., 1981).
These areas are additionally characterized by increased levels of sebaceous glands,
collagen, and a low number of M1 macrophages (Al-Attar et al, 2006; Butzelaar et al, 2017).
Studies on the elastic potential of keloid prone-sites are contradictory as both an increased
as well as decreased elasticity has been described (Bux & Madaree, 2012; Sano et al, 2018).
Another keloid-specific phenomenon is that patients prone to form keloids do not always
develop keloids (Al-Attar et al., 2006). The reason why patients sometimes develop keloids
and sometimes normal scars or hypertrophic scars has not been elucidated yet.

Keloids come along with symptoms similar to hypertrophic scars such as disfigurement, pain,
and itching (Bijlard et al, 2017; Limandjaja et al., 2020; Murray, 1994). However, keloids
reveal a specific perception of pain in the centre and of pruritus in the border area and the
surrounding skin (Bijlard et al., 2017; Lee et al, 2004; Limandjaja et al., 2020; Murray, 1994).
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In addition, they cause movement restrictions that increase with size (Limandjaja et al., 2020;
Ud-Din & Bayat, 2014). The psychologic impairment induced by keloids clearly affects
patients in their emotional wellbeing and causes a reduction in quality of life comparable to
patients suffering from psoriasis (Balci et al, 2009; Bijlard et al., 2017). The pathogenesis of
keloids remains so far unclear, which impairs the development of adequate research models
and the identification of successful treatment options. The clinical diagnosis is commonly the
preferred way to identify a keloid and to distinguish between keloids and hypertrophic scars
(Gulamhuseinwala et al, 2008). The patient interview provides important characterizing
information as keloids grow much slower than hypertrophic scars, spread beyond the wound
borders into the healthy skin and never regress, whereas hypertrophic scars arise within the
wound borders and might regress after a while (Ud-Din & Bayat, 2014). Keloids sometimes
occur years after the injury, whereas hypertrophic scars, start to develop directly after an
injury, like a normal scar but with ongoing exuberant fibrosis (Burd & Huang, 2005). In
general, keloids rarely undergo pathologic analysis (Gulamhuseinwala et al., 2008).
However, a study revealed that clinicians where able to accurately identify 81 % of 568
keloids, whereas the wrongly assigned 19 % included normal scars, hypertrophic scar and
acne keloidalis (Gulamhuseinwala et al., 2008).

Treatment options for keloids are limited and individual treatments come along with a high
rate of recurrence and in worse case scenarios, with an even worse scar formation than
before. The most common treatment options of keloids encompass surgical excision,
corticosteroids, silicon sheets, radiotherapy, brachytherapy, chemotherapy and targeted
therapy, 5-fluorouracil together with triamcinolone and photodynamic therapy (Ogawa, 2022;
Tan et al., 2019). However, greatest success has been achieved with combinations of more
therapies (Ogawa, 2022; Tan et al., 2019). Treatment by solely surgical excision has a
recurrence rate between 45 and 100 % (Mustoe et al, 2002). To better understand the
struggle to identify the underlying mechanism(s) driving keloid formation, the next paragraph
will give an overview of the current state of knowledge.

Keloids can be subdivided based on different characteristics. They were categorized in
regularly and irregularly shaped or in dumbbell, butterfly, and crab’s claw shaped scars
(Akaishi et al, 2010; Huang et al, 2017). Keloids have further been distinguished by their
convexnes in raised and flat keloids (Conway et al, 1960). The flat keloid was described as
irregularly pigmented and spread with raised, hyperpigmented edges and flat,
hypopigmented central areas (Bella et al., 2011). The raised keloid on the other side, has a
bulbous appearance and defined borders (Bella et al., 2011). These subtypes indicate a high
intralesional heterogeneity within keloids (Bella et al., 2011). In most studies, the description
fits the flat keloid as the scar margins are described as active, invading part of the keloid

which appear raised and red (Lu et al, 2007; Seifert et al, 2008). The borders are associated
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with an increase in cell number, especially fibroblasts, endothelial and immune cells, a
general decrease in programmed cell death and an increase in cell activity and proliferation
(Huang et al., 2014; Le et al, 2004; Seifert et al., 2008; Suttho et al, 2017; Touchi et al,
2016). The centre, on the other side, mostly exhibits a cellular decrease, limited cellular
activity and in general an almost inactive area (Suttho et al., 2017). Interestingly, symptoms
of keloids are associated with specific areas, as pruritus occurs more often at the margins,
whereas pain is more likely in the central areas (Lee et al., 2004). As heterogeneous the
keloid is, as contradictory are sometimes the results in several keloid-studies. Accordingly,
there have also been active centres and inactive margins described (Tsujita-Kyutoku et al,
2005). These findings might be set in a frame, as the bulging keloids were suggested to have
active centres and in case of flat or better “superficial spreading” keloids the border area
forms the active part (Limandjaja et al, 2018). In addition to the horizontal distinction,
different active areas were defined going into the deep of the tissue (Chong et al, 2018; Jiao
et al, 2017). In case of bulging keloids, the deeper layers were described to form the

aggressive part (Chong et al., 2018).

é}\

spreading keloids

bulging keloids

Figure 3: Areas prone to form specific keloid types

The skin next to the keloid represents another quite controversial topic in keloidal research
as some research groups define the adjacent skin to be equally to healthy skin (Jumper et al,
2017). This hypothesis has been questioned or better disproved by several studies
describing the special features of this intermediate skin phenomenon. Skin adjacent to
keloids can even show symptoms typical for the active margins in flat keloids such as
pruritus (Lee et al., 2004). An increase of blood circulation and cells, especially lymphocytes
has been reported in the surrounding skin (Hahn et al, 2013; Jiao et al., 2017; Liu et al,
2016). The adjacent skin also shows features as keloidal gene expression, enhanced
apoptosis, and proliferation, typical for the keloid (Appleton et al, 1996; Hahn et al., 2013).

However, there are still differences in the adjacent skin compared to keloids, such as a
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higher amount of CD34 positive cells and a less fibrotic matrix formation (Erdag et al, 2008).
However, keloidal collagen bundles have been reported to trespass from the keloid in the
surrounding skin.(Limandjaja et al., 2020) Altogether, the skin adjacent to the keloid has a
kind of intermediate state and might play an important role in the pathogenesis, as it is likely
to be converted in keloid tissue over time.

Researchers have attempted to decipher the driving force behind the keloid-scar for many
years. This effort ended up in numerous studies highlighting the keloid from multiple sides.
Special attention was given to the different cell types present in the keloid tissue. In the next
passage, major findings about the so far recognized cell types in keloids and their supposed
pathology-promoting functions will be described.

Fibroblasts are meant to be the main driver in keloids regarding their production of ECM
(Eckes et al., 2010). For this reason, it is no surprise that there is abundant literature on
keloidal fibroblasts (Macarak et al, 2021). The number of fibroblasts was reported to be
increased in keloids (Limandjaja et al., 2020) via increased proliferation and apoptosis-
resistance (Wang et al, 2018). The telomerase as well as senescence in general appears to
be dysfunctional in keloidal fibroblasts, suggesting a pathology supporting ongoing growth
(Granick et al, 2011; Yu et al, 2016). The ECM production and deposition by keloidal
fibroblasts appears to be boosted and in contrast, the ability to break down ECM is reduced
(He et al, 2012; Seifert et al., 2008). Keloidal fibroblasts are more migratory, presumable by
an upregulation of TGF-R associated pathways, by CTGF, insulin-like growth factor 1 (IGF-1)
receptors, IL-6 and IL-8 and others (Do et al, 2012; Fang et al, 2016; Hu et al, 2014). They
express higher levels of matrix-associated genes, such as collagen type |, collagen type IlI,
fibronectin, elastin, glycosaminoglycans, proteoglycans and show higher sensitivity for
several wound healing factors (Fang et al., 2016; Lee et al, 1991; Suarez et al, 2013; Yagi et
al, 2013; Zhang et al, 2009). Interestingly, keloidal fibroblasts express mesenchymal stem
cell-associated markers and differentiate into multiple cell types such as osteocytes, smooth
muscle cells, neural lineage cells, adipocytes, and others (Igbal et al, 2012; Moon et al, 2008;
Plikus et al, 2017). These multipotent stem cell-like fibroblasts lose their abilities over time in
culture. Therefore, it was hypothesized that the keloidal microenvironment supports their
undifferentiated state and might be responsible in general for the formation of these cells
(Moon et al., 2008).

Fibroblasts and keratinocytes form an effective team in wound healing, as they support each
other in their profibrotic and healing functions (Broughton et al, 2006). Keloid-derived
fibroblasts as well as keloids are known to induce an upregulation of factors important in
cellular growth and ECM formation in the healthy counterpart (Chua et al, 2011; Lee et al,
2016). After injury, keratinocytes are important to cover the integument and to restore the

epidermis. The epidermis in keloids however, does not completely fulfil its former functions
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as there is a reduced barrier function of the stratum corneum, which comes along with an
increased skin conductance and a higher loss of water through the skin (Sogabe et al, 2002).
Furthermore, keloids are characterized by abnormal expression of involucrin, which is a
known marker for terminal differentiation of epidermal cells (Limandjaja et al, 2017). A higher
amount of involucrin was observed in the thicker epidermal layer of keloids, which indicates
impaired cellular differentiation in the stratum corneum (Limandjaja et al., 2017). The keloidal
keratinocytes additionally show an altered expression pattern of cytokines and growth factors
(Khoo et al, 2006; Mukhopadhyay et al, 2010; Ong et al, 2007). Gene expression studies
uncovered a higher cell convertibility and cellular motility (Hahn et al., 2013). Within the last
years, the potential of keloidal keratinocytes for epithelial to mesenchymal transition (EMT)
has obtained increasing attention (Hahn et al., 2013; Ma et al, 2015; Yan et al, 2015). EMT, a
process of cellular conversion which is characterized by loss of epidermal and acquisition of
mesenchymal cellular features, was described to be involved in proper wound healing as one
of several sources to increase the number of myofibroblasts at the wound site (Stone et al,
2016). This process was reported to constantly occur in keloidal keratinocytes (Yan et al.,
2015).

Myofibroblasts enforce the contraction of the wound after a damage of the skin (Werner &
Grose, 2003). They display a presence in about 33-81 % of all keloids (Limandjaja et al.,
2020). Myofibroblasts can arise from different sources. The most common way is the
differentiation from fibroblasts induced by TGF-B1 or PDGF (Werner & Grose, 2003).
Additionally, embryonal stem cell-like cells, which persist in the endothelium of the healthy
skin, can be induced by trauma. They migrate into the wound area and differentiate in
myofibroblasts and even fibroblasts (Lim et al, 2019). The process involved in this cellular
change is called endothelial to mesenchymal transversion (endoMT) and describes a cellular
conversion similar to EMT but with endothelial cells as cells of origin (Lim et al., 2019). The
reported associations of EMT and endoMT suggest an increased cellular transformation
potential in keloids. Other discussed sources of myofibroblasts are invading fibrocytes and
bone marrow-derived mesenchymal stem cells (Akino et al, 2008; Quan et al, 2004). The fact
that myofibroblasts persist in the fibrotic area might promote the keloid formation, as they
support an ongoing contraction and by this increased mechanic tension (Werner & Grose,
2003). One interesting theory for the myofibroblast persistence is the lack of hair follicles in
keloids. Hair follicles are important for the conversion of myofibroblasts into adipocytes
(Plikus et al., 2017). Missing hair follicles might therefore provoke a backlog of
myofibroblasts in the keloid with all its resulting consequences (Limandjaja et al., 2020).
Although the vascular state in keloids has been described inconsistent, the general consent
considers keloids as hypoxic tissue (Zhao et al, 2017). These contradictory findings can be

explained by the high number of small but occluded vessels in hypertrophic scars and
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keloids. (Zhao et al., 2017). This phenomenon was explained by the high proliferation rate of
endothelial cells (Kischer et al, 1982). As part of the vessels, pericytes were discussed as
potential pathologic driving force and an alternative source of keloidal fibroblasts (Kischer,
1984). The vasculature system plays an important role in wound healing and scar formation.
An increase of vessels together with a higher permeability was discussed to promote the
keloid formation (Ogawa & Akaishi, 2016; Zhao et al., 2017). The “porous” vasculature might
support the invasion of fibrosis-inducing immune cells which would consequently also
prolong the inflammatory phase (Ogawa & Akaishi, 2016).

As darker pigmentation of the skin was set in context with a higher chance to form a keloid
scar, melanocytes are also considered as an important pathologic player (Burd & Huang,
2005; Wolfram et al., 2009). Melanocytes were discussed to support the keloid formation by
an interaction with fibroblasts through the damaged basement membrane and by an anti-
inflammatory inhibiting behaviour (Gao et al, 2013).

Beside the previously mentioned ethnic, genetic, inflammatory, and cellular hypothesis, there
are several other discussed theories about the source of keloid formation. These include viral
components, stiffness gaps, nutritional imbalance, metabolic alterations, nitric oxide,
hypertension, and psychoneuroimmune-endocrine causes for keloid formation (Alonso et al,
2008; Butler et al, 2008; Cobbold, 2001; Hochman et al, 2015; Huang et al., 2017; Huang &
Ogawa, 2013).

One special hypothesis about the keloid as an incomplete malignant formation leads to
extensive discussions in the scientific world (Ladin et al, 1998). This hypothesis questions in
particular the specification of keloids as an abnormal scar and suggests keloids as a cancer-
like pathology (Tan et al.,, 2019). The main keloid-characterizing features as spreading,
uncontrolled expansion, no regression, and a high chance of recurrence upon excision are
also considered as typical cancer-specific characteristics (Tan et al., 2019). However, as the
keloid does not metastasize it might be more like a non-malignant neoplasia (Tan et al.,
2019). The comparison is further supported since multiple tumour biomarkers are also
positive in keloids (Tan et al., 2019).

Research in keloids is strongly limited since keloids only occur in humans (Tuan & Nichter,
1998). In vivo models comprise computational, invasive, and non-invasive models
(Limandjaja et al., 2020). In vivo animal models include transgenically implanted keloids as
well as single cell implantations or skin equivalents (Limandjaja et al., 2020). The induction of
keloids in animals has never been successful so far and the best outcome were
hypertrophic-like scars (Khorshid, 2005). In vitro models on the other side can be performed
as whole explant model of excised keloids, which survive in culture for about 6 weeks
(Bagabir et al, 2012b). Other in vitro models are the direct cultivation of keloidal cells in

monolayers, skin equivalent or seeded in 3D scaffolds (Limandjaja et al., 2020). Co-cultures
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of different cell types direct or indirect as in double chamber systems give important
information on paracrine interactions (Limandjaja et al., 2020). All models have their
limitations, however, so far no successful keloid model has been developed that covers all
experimental objectives (Limandjaja et al., 2020).

1.5.1 Recent results of single cell RNA sequencing analyses of keloids

In the last few years, single cell RNA sequencing (scRNAseq) proved as a powerful novel
method in the world of basic research. This method provides the chance to get insights in
complex pathologies, such as the keloid, by the investigation of their cellular cosmos and
their molecular features based on the distinct transcriptomes (Papalexi & Satija, 2018).
Numerous important, recently published findings were explored with scRNAseq and the
research of keloids already profited from this method (Deng et al, 2021a; Papalexi & Satija,
2018).

The group of Deng et al. released the first description of keloids on a single cellular level in
June 2021. They compared single cell datasets from the dermal layer of 3 keloids and 3
normal scars. Bioinformatics analysis revealed an increase in endothelial cells, smooth
muscle cells and myofibroblasts in the keloid tissue. The relative abundance of fibroblasts
however was decreased. The research group of Deng et al. further was successful in the
characterisation of the identified fibroblasts in secretory-papillary, secretory-reticular,
mesenchymal, and pro-inflammatory subtypes, and subsequently demonstrated an increase
of mesenchymal fibroblasts in keloids. These mesenchymal fibroblasts appeared to be
involved in bone development. Analysis of cell-cell communications identified the
mesenchymal fibroblasts as most interacting cells in keloids. They induce -collagen
expression in other fibroblasts through the secretion of periostin. Their transcriptional
analysis further identified the increase of this mesenchymal fibroblasts in scleroderma,
another fibrotic skin disease (Deng et al., 2021a).

In December 2021, Xie et al. published another study, based on the transcriptional data
gained by Deng et al. The group of Xie et al. first reanalysed the datasets and annotated the
mesenchymal fibroblasts as chondrocytes. They identified tenascin-c as novel biomarker for
the diagnosis of keloids (Xie et al, 2021).

Xuanyu Liu and his research team published a paper in January 2022 comparing the
scRNAseq data of 4 keloids and 4 skins adjacent to keloids. They confirmed the increase in
fibroblasts and endothelial cells in keloids. The signalling pathways of TGF-3 and Eph-ephrin
were associated with the fibrotic process and angiogenesis in keloids. They describe the
upregulation of genes involved in pathways associated with tumorigenesis and highlight
potential regulatory genes such as collagens, twist-related protein 1 (TWIST1) and others
(Liu et al, 2022).
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Recently, Shim et al. published a paper combining scRNAseq with spatial transcriptomics.
They compared keloid with healthy skin and were able to locate the pathology-associated
fibroblasts in the deeper layers close to endothelial sites of the keloid. This finding confirms
the previously mentioned deep active areas in keloids. Another major finding was the
mesenchymal activation of endothelial cells in keloids which was suggested to have a
pathology supporting function (Shim et al, 2022).

1.6 The extracellular matrix in skin, scar and keloid

The ECM works as lounge area for cells, as communication and management centre but
also as scaffold which defines the tissue. The major components are proteoglycans, collagen
and water, but also many other important factors contribute to the matrix and its functions
(Meenakshi et al, 2005; Theocharis et al, 2016). Through the matrix, cellular information can
be sent to cells and stimulate their growth, differentiation and other physiologic features
(Karamanos, 2019). The major amount of matrix components is produced by cells. External
stimuli induce the cellular production and secretion of different factors of the extracellular
matrix (Baum & Arpey, 2005; Chan et al, 2010). Some of them are entirely released to the
extracellular space, others remain bound to the plasma membrane (Manou et al, 2019).
Water relates significantly to the presence and concentration of several matrix factors
(Comper et al, 1990). The matrix is important to maintain tissue homeostasis but also defines
tissue development and morphogenesis. It defines the varying tissue types such as muscle
or connective tissue (Manou et al., 2019). This capacity however might also have negative
effects in a pathological context (Karamanos, 2019). Biomechanical but also pure
mechanical stress constantly shape the ECM, its volume, and its composition (Karamanos et
al, 2019).

Proteoglycans as one of the major ECM elements are comprised by core proteins with
negatively charged, glycosaminoglycans that are partially esterified with sulfate groups
(heparin, heparin sulfate, dermatan sulfate and others) (Karamanos et al, 2018). They
support the ECM structure, immobilize and/or store growth factors, and play a key role in
mechanical properties such as tissue compression or hydration (Karamanos et al., 2018).
According to their location, proteoglycans can be subdivided in an extracellular (hyalectans,
small leucine rich), a pericellular (perlecan, agrin), a cell surface (syndecan, glypican) and an
intracellular (serglycin) group (Karamanos et al.,, 2018). They regulate important cellular
features such as adhesion, cell death, differentiation, migration, proliferation and survival as

well as fibrillogenesis of collagens (Karamanos et al., 2018).
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Unbound glycosaminoglycans such as hyaluronic acid are important for the water balance of
the ECM and are also involved in tissue repair or regeneration, homeostasis, muscle
development or embryogenesis (Garantziotis & Savani, 2019).

Collagens, as the most abundant component within the ECM (30 %), is mainly present as
collagen type I, Il and Ill, which make up about 80-90 % of the total ECM collagen (Kirkness
et al, 2019; Sorushanova et al, 2019). They consist of homo- or hetero-trimeric alpha-chains
which form of triple-helices (Kirkness et al., 2019). There are 28 different collagen types,
some of them are present in many different tissue types (type I, Ill), others are relatively
specific as in basal membrane (col type IV, VII, XV, XVII, XIX), connective tissue (col type I,
IX), epithelial tissues (col type XIII, XVII), myotendinous junctions (col type XXIlI), peripheral
nervous system (col type XXVIII), tendons and cartilage (col type X, XI, XlI, XX, XXIV, XXVII)
(Sorushanova et al., 2019). Collagens provide important scaffold features but also confer
tissue stabilization and flexibility (Sorushanova et al., 2019).

Another important component of the ECM are elastic fibres. They are primarily present in
tissues of constant mechanical stress such as the lungs, the skin, or arteries (Vindin et al,
2019). Tropoelastin, a soluble precursor of elastin, is released by cells and subsequently
interconnects with fibrillin, an essential glycoprotein, to form a network of elastic fibres
(Vindin et al., 2019). Elastic fibres can interact with other ECM components to support
cellular signalling and store growth factors in the matrix (Godwin et al, 2019). The amount of
elastin in the human body Declines with age (Fhayli et al, 2019).

The covalent binding of tropoelastin with collagens is promoted by lysyl oxidase (LOX) and
LOX-like proteins (Vallet & Ricard-Blum, 2019). This binding supports the stabilization of the
ECM and provides stiffness (Vallet & Ricard-Blum, 2019). LOX and LOX-like protein interact
with many growth factors and are also involved in important mechanisms as remodelling,
repair and development of tissues (Vallet & Ricard-Blum, 2019).

Another ECM factor important for response to tensions is fibronectin. Fibronectin is an
important adhesion molecule for cell migration and is also involved in proliferation, and matrix
stabilization (Zollinger & Smith, 2017). Laminins are heterotrimeric glycoproteins consistent
of an alpha, beta and gamma chain and are known as important compound of basic
membranes (Aumailley, 2013). Tenascins are matricellular proteins (Murdamoothoo et al,
2018). They consist of three domains and can be subdivided in tenascin-C, -R, -W and —X
(Imanaka-Yoshida & Matsumoto, 2018). Tenascins modulate cell adhesion and specific
subtypes are associated with morphogenesis and tissue development (tenascin-C), chronic
inflammation and fibrosis (tenascin-C), organogenesis (tenascin-X), neurogenesis (tenascin-
R), osteogenesis (tenascin-W), and others (Imanaka-Yoshida & Matsumoto, 2018; Midwood
et al, 2016; Murdamoothoo et al., 2018; Scherberich et al, 2005; Tucker & Degen, 2019; Xu
et al, 2014).
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There are several changes in the composition of the ECM induced by scar or keloid
formation in the skin. The amount of ECM is increased in scars and consists of more water
(Bailey et al, 1975; Kwan & Tredget, 2017). The total collagen in the healthy skin consists of
about 80 % type I, 10-15 % type Ill and a minimal amount of collagen type V (Hayakawa et
al, 1979; Kwan & Tredget, 2017). In contrast, the hypertrophic scar collagen displays
collagen type Il percentage of 33 and 10 % collagen type IV (Kwan & Tredget, 2017). Also,
the thickness of collagen bundles is altered in hypertrophic scars, compared to the healthy
skin. Collagen bundles in the healthy skin are arranged in a nonparallel “basket-weave” way,
whereas they are aligned parallel to the scar surface (Verhaegen et al, 2009). In keloids, on
the other side, significantly thicker, disorganized, loose collagen bundles are described
(Verhaegen et al.,, 2009). The ratio of type | collagen to type lll collagen in normal scars
seems to be about 6:1, whereas in keloids a ratio of 17:1 was reported (Verhaegen et al.,
2009).

The amount of elastin appears to be decreased which would explain the increased scar
stiffness (Amadeu et al, 2004). Hyaluronic acid is present in the normotrophic scar in form of
a papillary layer (Bertheim & Hellstrom, 1994). This layer was also identified in hypertrophic
scars but much thinner (Bertheim & Hellstrém, 1994). No information on the relative amount
of hyaluronic acid was found in keloids but in comparison with normal scars keloids reveal an
equal amount of hyaluronic acid in the epidermis and the dermis (Bertheim & Hellstrém,
1994).

An increase of versican, biglycan and glycosaminoglycans has been reported in hypertrophic
scars and keloids (Carrino et al, 2012; Hunzelmann et al, 1996).

Decorin, a small leucine-rich proteoglycan, has an antifibrotic effect and reduces contraction
(Buraschi et al, 2019). It also alters fibrillogenesis and supports a thinner formation of
collagen fibers (Reed & lozzo, 2002). An increase of decorin has been described in
hypertrophic scars but not in normal scars or keloids (Garg et al, 1996; Hunzelmann et al.,
1996; Scott et al, 1998). The amount of fibrillin-1 is decreased in any scar type compared to
healthy skin (Amadeu et al., 2004). The amount of periostin, tenascin, chondroitin sulfate and
fibronectin is elevated in keloids (Dalkowski et al, 1999; lkeda et al, 2009; Kischer & Hendrix,
1983; Maeda et al, 2019).

The distinct ECM composition in keloids might be supported by an increase of enzymes
affecting collagen production and persistence, such as the matrix metalloproteinases MMP-2,
MMP-9 or tissue inhibitors of metalloproteinases -1/-2 (Ulrich et al, 2010).

The ECM assumes important functions regarding wound healing and scar formation.
Detected alterations in the ECM composition in hypertrophic scars or keloids can be seen as

a result of fibrotic processes but also as potential scar-promoting components.
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1.7 The neuronal system in skin, scar, and keloid

The human skin is interweaved by numerous nerve fibres of the peripheral nervous system
to ensure the sensory and protective function of the skin. Autonomic as well as sensory
nerves are present in the skin (Besné et al, 2002; Hendriks et al, 2018). The skin nerves
enter the skin coming from the dorsal root and the sympathetic ganglia and transmit
according to their function exogenous stimuli or endogenous stimuli from or to the central
nervous system (Abraira & Ginty, 2013; Roosterman et al, 2006). Exogenous sighals can be
set by mechanical forces, temperature, chemicals, electricity, and others (Abraira & Ginty,
2013). Endogenous stimuli detected by the skin comprise physiologic as well as
pathophysiologic changes (Abraira & Ginty, 2013). Nerve fibre qualities present in the skin
are AR-, Ad- with fast conduction velocity and C-fibres with the slowest velocity (Nolano et al,
2013). Between the dermis and the hypodermis is the subdermal plexus, smaller nerve fibres
of the skin starting or ending up in this plexus (Zhang et al, 2010). The nerve fibres cross
through the matrix till they reach their target structure, this can be sweat glands, vessels, the
arrector pili muscle, hair follicles but also multiple sensory units as Meissnher corpuscles,
Merkel discs, Ruffini corpuscles, Krause end bulbs, Pacinian corpuscles or even the
subepidermal nerve plexus as a neuronal network close to the epidermis (Gibbons et al,
2009; lheanacho & Vellipuram, 2022; Reinisch & Tschachler, 2012; Siepmann et al, 2016;
Siepmann et al, 2012). Any injury of the skin that includes the dermis comes along with
damage in nerve fibres. About one third of all peripheral nerve trauma results in functional
limitations and insufficient regeneration (Noble et al, 1998). This includes chronic pain, loss
of sensation and other limitations (Wang et al, 2019). Depending on the extent of a
peripheral nerve injury, it can be assigned to one of three different types. The neuropraxia
with no structural damage of the nerve, the axonotmesis with disconnection of the axons and
the worst case, the neurotmesis, a complete interruption of the nerve fibre (Seddon et al,
1943). The effective healing process of axonotmesis including full recovery takes up to 4
months, whereas neurotmesis often requires initial reattachment and, depending on the
severity, comes along with a general poor recovery in function (Sunderland, 1951).
Insufficient neuronal repair mechanisms can induce fibrotic harm as extraneural, dispersive
or intraneural fibrosis which limit a proper neuronal function (Sakurai & Miyasaka, 1986).

Damaged nerve fibres release neuropeptide substance P. This neuropeptide promotes
inflammation, fibrogenesis as well as cell proliferation and angiogenesis (Pang et al, 1996).
One potential counterpart of substance P is the neutral endopeptidase, which is bound to the
cell membrane and breaks down the neuropeptide (Okamoto et al, 1994). Substance P is
involved in the remodelling phase of wound healing, as it can regulate MMPs and their
inhibitors (Ramos et al, 2007). In abnormal scars, an increased amount of substance P has

been reported and the concentration of neutral endopeptidase was decreased (Crowe et al,
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1994; Jing et al, 2010). This findings indicated an involvement of substance P in excessive
scar formation (Jing et al., 2010).

The nerve fibre density increases by the extent of scarring, as normal scars seem to have a
higher density than healthy skin, and hypertrophic scars an even higher density (Crowe et
al., 1994).

Literature about the neuronal system in keloids, on the other side, is scarce and inconsistent.
In 2008, Hochman et al. described a greater number of nerve fibres in keloids compared to
normal skin. Their results are based on immunohistochemical staining of S100 calcium
binding protein. The described nerve fibres appeared to be present in greater depth of the
keloid tissue and should exhibit a much thinner and longer morphology compared to fibres of
the healthy skin (Hochman et al, 2008).

In 2012, Tey et al. reported an insignificant decrease in nerve density in keloids compared to
healthy skin. This finding was based on immunofluorescent staining of the pan-neuronal
marker Protein gene peptide 9.5 (PGP9.5) in 10 um-thick sections of itching keloids and
healthy skin (Tey et al, 2012).

Another study performed by Saffari et al. reported similar and described a decrease of nerve
fibres in keloids with the highest density in the upper dermis in the border area of keloids
(Saffari et al, 2018).

The research group of Drummond reported in 2018 an increased expression of alphal-
adrenoceptor in nerve fibres, fibroblasts and blood vessels in keloid tissue compared to
healthy skin and burn scars. The alphal-adrenoceptor was associated with increased
inflammation, wound healing, and pain. These staining-based findings were performed using
PGP9.5 as marker for nerve bundles. (Drummond et al, 2018; Hochman et al., 2008).

An increased response of the previously described neurogenic inflammation induced by
mechanic forces was discussed in context with keloid formation by Ogawa et al (Ogawa,
2011).

Using scRNAseq, several research groups identified a neural cell cluster in keloid tissue but
without any in-depth investigations. Deng et al. solely described a neural cell cluster, defined
by the marker gene neurexin 1 (NRXN1) (Deng et al., 2021a). Liu et al. detected a neural
and a separate Schwann cell cluster characterised by a strong expression of S100 calcium
binding protein B (S100B), neuronal membrane glycoprotein M6-b (GPM6B), NRXN1, alpha-
crystallin B chain (CRYAB) and transcription factor jun-B (JUNB), myelin protein zero (MPZ),
myelin basic protein (MBP), S100B, respectively. They described no significant difference in
the amount of neural or Schwann cells, comparing keloidal cells and cells from keloid-
adjacent skin. However, an increased communication of neural cells with other cells as
fibroblasts, vascular endothelial cells and keratinocytes was defined. They also appeared to

express a higher amount of TGF-R1 compared to cells gained from keloid surrounding skin
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(Liu et al., 2022). The group of Shim defined a neural cluster by the expression of S100B
(Shim et al., 2022).

This limited state of knowledge with regard to the neuronal impact on the keloid formation
encourages to expand research in the neurologic field of keloids.

1.8 Schwann cells and their role in tissue regeneration

The peripheral nerve system of the human body is structured in three layers. The inner layer,
the endoneurium, consists of the nerve fibres/axons, Schwann cells, blood vessels,
fibroblasts and macrophages surrounded by ECM (Causey & Barton, 1959; Gamble &
Eames, 1964). The embedded nerve fibres are covered with Schwann cell that are in
addition enclosed by a basal lamina (Stoll & Miiller, 1999). The endoneurium is surrounded
by the perineurium, a multi-layered cellular tube (Sunderland & Bradley, 1952). The
endoneurium and the perineurium together form a nerve fascicle. In larger nerves, many
fascicles are connected by matrix proteins to the third layer, the epineurium (Reina et al,
2020). Not all nerves are multi-fascicular, as there are also small nerves consisting just of a
single fascicle (Tan et al, 2014). Schwann cells assume important caregiving functions for
the peripheral nerve system (Nave, 2010). Two types of Schwann cells have been described
in the healthy adult. The non-myelinating Schwann cells, or Remak cells, cover axons of
small diameter which are especially present in the autonomic-, but also in the sensory-
nervous system (Jessen & Mirsky, 2019a). One or more axons can be caved in the bodies of
non-myelinating Schwann cells (Monk et al, 2015). In contrast, myelinating Schwann cells
ensheath multiple layers axons of a larger extent as motor neurons and some sensory axons
(Jessen & Mirsky, 2019a). Myelinating Schwann cells produce myelin as part of their cell
membrane which forms a kind of insolating layer around the axon (Osso & Chan, 2017). This
special feature of myelinating Schwann cells supports a fast conduction of nerve impulses
(Lubetzki et al, 2020). Both Schwann cell types, myelinating and non-myelinating, provide
important trophic and metabolic factors to the nerve to ensure a proper function and are
involved in specific repair mechanisms upon neuronal damage (Jessen & Mirsky, 2019a;
Nave, 2010). Schwann cells can be detected by S100, which has been proposed as general
Schwann cell marker (Bhattacharyya et al, 1992). Myelinating Schwann cells can be
identified by their additional expression of factors associated with myelination, structure, and
cholesterol synthesis (early growth response protein 2 [Krox20], MBP, myelin-associated
glycoprotein [MAG], MPZ, peripheral myelin protein 22 [PMP22], periaxin), whereas non-
myelinating Schwann cells are positive for factors also present in Schwann cell precursor
cells, such as NGFR, neural cell adhesion molecule (NCAM), L1 or glial fibrillary acidic

protein (GFAP) (Jessen & Mirsky, 2019a).
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In the next section, the process of Schwann cell development will be outlined in more detail.
Schwann cells evolve out of the neuronal crest in a strictly regulated process. Based on
analysis of the neuronal system in rodents, developmental stages have been defined in the
early embryonic nerves (Jessen & Mirsky, 2005). In the early embryonal phase, the Schwann
cell precursor cells differentiate from neural crest cells (Jessen et al, 1994). In contrast to the
adult structure, nerves in this early stage are solely composed of multiple packed axons and
flat Schwann cell precursors without other cells, basal lamina, or space matrix (Jessen &
Mirsky, 2005). Few days later, this structure converts suddenly and the perineurium and the
basal lamina evolve (Jessen & Mirsky, 2005). The Schwann cell precursor cells develop into
their next stages, the immature Schwann cells, and the ECM, fibroblast and blood vessels
become part of the nerve (Jessen & Mirsky, 2005). After this step, the nerve composition is
already adequate to the adult nerve (Jessen & Mirsky, 2005). However, the Schwann cell
precursor cells are not only precursor cells of immature Schwann cells but also from
endoneurial fibroblasts, melanocytes (via melanoblasts) and even parasympathic neurons
(Adameyko et al., 2009; Dyachuk et al, 2014; Furlan et al, 2017). In contrast to neural crest
cells, Schwann cell precursor cells are positive for factors associated with differentiation of
glia cells (Jessen & Mirsky, 2005). Factors important for the differentiation of crest cells into
Schwann cell precursor cells are forkhead box D3 (FoxD3), transcription factor SOX-10
(Sox10), receptor tyrosine-protein kinase erbB-3 (Erbb3), Notch, Neuregulin-1, zinc finger E-
box-binding homeobox 2 (Zeb2), endothelin and transcription factor AP-2 alpha (AP-2 alpha)
(Brennan et al, 2000; Britsch et al, 2001; Garratt et al, 2000; Morris et al, 1999; Quintes et al,
2016; Stewart et al, 2001; Thomas & Erickson, 2009; Woodhoo et al, 2009). FoxD3 diverts
lineage development towards Schwann cell development instead of neurons of melanocytes
(Thomas & Erickson, 2009). In contrast, Sox10 is important for the Schwann cell precursor
development out of neural crest cells and promotes the neuregulin receptors ErbB3 (Britsch
et al., 2001). This receptor, in addition, supports indirectly the generation of Schwann cells
(Garratt et al., 2000). The contact of Schwann cell precursor cells with axons is vital for the
cells as the axons express neuregulin 1 (Garratt et al., 2000). Notch associated precursor —
axon interaction has been associated with the time span for Schwann cell differentiation as
an increase in Notch signalling enhances differentiation whereas an inactivation of Notch
delays Schwann cell conversion (Woodhoo et al., 2009). A connection between Notch,
Neuregulin-1 and ErbB3 has also been discussed (Dong et al, 1995). Endothelin shows
opposite effects as an increase induces a delay in Schwann cell differentiation, whereas an
inactivation promotes faster cellular conversion (Brennan et al., 2000). AP-2 alpha has been
discussed to support and maintain the precursor cellular state (Stewart et al., 2001). Human
nerve development and orientation in the embryo is not dependent on the presence of

Schwann cells. However, the Schwann cells are important for the nerve to find its target and
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to properly get in contact with it (Meyer & Birchmeier, 1995; Morris et al., 1999; Woldeyesus
et al, 1999). Schwann cells precursor cells differentiate into immature Schwann cells which
enclose several (Jessen & Mirsky, 2005). While survival of precursor cells is dependent on
the contact with axons, immature Schwann cells control their survival by the secretion of
autocrine factors as leukaemia inhibitory factor (LIF), lyophosphatidic acid, PDGF,
neurotrophin-3, and insulin-like growth factor 2 (IGF-2) (Dong et al., 1995; Meier et al, 1999;
Reynolds et al, 1991; Weiner & Chun, 1999). In the next developmental step, the axons are
isolated by multiple proliferating and apoptotic Schwann cell to form the final axon bundles
covered by single Schwann cells in a non-myelinating or myelinating way depending on their
extent (Jessen et al, 2015). Developmental Schwann cell proliferation is driven by Notch,
neuregulin-1, TGF- and laminin, which is a component of the basal lamina (D'Antonio et al,
2006; Garratt et al., 2000; Woodhoo et al., 2009; Yu et al, 2005). Afterwards, myelinating or
non-myelinating Schwann cells assume their mature, nerve supporting functions (Webster et
al, 1973). In this mature state Schwann cells hardly proliferate (Webster et al., 1973).

Mature Schwann cells, as myelinating and non-myelinating Schwann cells, maintain a high
potential plasticity (Boerboom et al, 2017). Their phenotype is related to environmental
factors (Boerboom et al., 2017). A potential of myelinating Schwann cells to convert into a
non-myelinating state when they get in touch with small nerve fibres and vice versa in case
of thick nerve bundles has been suggested (Jessen & Mirsky, 2019a). However, the most
impressive transformation of mature Schwann cells has been reported upon peripheral nerve
injury. In case of an axonotmesis or neurotmesis, the axon-related Schwann cells undergo a
phenotypic and morphologic change to ensure the survival of the damaged axon, to support
its regeneration and to conduct reinnervation (Burnett & Zager, 2004; Jessen & Mirsky,
2005).

In case of neurotmesis, the nerve is completely disrupted, the distal part is dysfunctional and
degeneration starts within 2-14 days and therefore, a neuronal regeneration coming from the
proximal stump is required (Lunn et al, 1989; Tsao et al, 1994). The damaged nerve uses the
distal, dying axon part as guiding structure for its regeneration (R6nkko et al, 2011). For this
reason, a reattachment of the proximal and the distal stump is required. The human body
facilitates this reconnection by the formation of a tissue bridge which is especially formed by
Schwann cells (McDonald et al, 2006). Surgical reconnection and, in severe cases,
autografts or nerve conduits, can accelerate and support this process (Battiston et al, 2005).
However, misguided targeting, incorrect innervation, and long regeneration times have a
negative effect on the outcome of the neuronal repair process (Barrette et al, 2008; Hoke,
2006; Jonsson et al, 2013). The neuronal damage leads to a rapid change in the
environment of the attached Schwann cells. This environmental change induces a

reprogramming/transdifferentiation of mature Schwann cells into repair Schwann cells which
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support nerve repair (Arthur-Farraj et al, 2012). This reprogramming includes proliferation,
migration, cellular dedifferentiation, and activation (Armstrong et al, 2007; Chen et al, 2007).
The injury-induced Schwann cell response comes along with several functional and structural
changes, cellular rearrangement in Bungner Bands for neuronal guidance and macrophage
attraction, also known as Wallerian degeneration. In the beginning, several factors
associated with myelination are downregulated (MBP, MAG, MPZ, periaxin, and others)
whereas factors detected in previous Schwann cell states (L1, NCAM, NGFR, GFAP) are
upregulated (Jessen et al.,, 2015). About 50 % of myelin from injury-induced myelinating
Schwann cells is removed by themselves through myelinophagy, a type of myelin-specific
autophagy (Brosius Lutz et al, 2017). In this actin-dependent process, the myelin is broken
down into small pieces, that are subsequently digested in lysosomes (Jessen & Mirsky,
2005). The remaining myelin is phagocytosed by macrophages (Hirata & Kawabuchi, 2002;
Martini et al, 2008). The macrophages are attracted to the injury site by cytokines as TNF-a,
IL-1a, IL-1R and CCL2 produced by repair Schwann cells (Martini et al., 2008; Shamash et
al, 2002).

In addition, the upregulation of several factors important for neuronal survival and elongation
of axons were identified, including artemin, brain-derived neurotrophic factor (BDNF), glial
cell-derived neurotrophic factor (GDNF), nerve growth factor (NGF), neurotrophin-3 (NT3),
pleiotrophin, and VEGF (Boyd & Gordon, 2003; Jessen & Mirsky, 2019a). Repair Schwann
cells are characterized by an elongated, narrow, spindle shaped, often branched morphology
(Gomez-Sanchez et al, 2017). Within 4 weeks after trauma, myelinating Schwann cells
double in length whereas non-myelinating Schwann cells even obtain the three-fold length
(Gomez-Sanchez et al., 2017). They form partly overlapping tracks to target the regenerating
nerve to their previous site of innervation (Jessen & Mirsky, 2019a). The transformation
process of mature Schwann cells into repair Schwann cells is mediated by Raf/ERK, c-Jun N
terminal kinase (JNK), p38 MAP signalling pathways as well as the factors Notch, c-Jun, G
protein-coupled receptor 126 (GPR126), signal transducer and activator of transcription 3
(STAT3), Merlin, SRY (sex determining region Y)-box 2 (Sox2), paired box gene 3 (Pax3)
and 1d4 (Benito et al, 2017; Jessen & Mirsky, 2008; Kioussi et al, 1995; Mindos et al, 2017,
Mogha et al, 2016). Especially c-Jun has a crucial function in the conversion process (Arthur-
Farraj et al., 2012). C-Jun induces the repair program and a lack of c-Jun results in a missing
upregulation of factors as artemin, BDNF, GDNF, NGFR, N-cadherin, no proper myelin
breakdown and no functional regeneration tracks and neuronal death (Arthur-Farraj et al.,
2012). C-Jun, but also STAT3 support the maintenance of the repair state in Schwann cells
(Arthur-Farraj et al.,, 2012; Benito et al., 2017). Increased notch signalling promotes the
demyelination process in Schwann cells after neuronal damage (Woodhoo et al., 2009). In

addition, H3K27 demethylation, H3K4 methylation and H3K27 deacetylation have also been
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set in context with the damage-induced response of Schwann cells (Ma et al, 2016). The
migratory function of repair Schwann cells to reconnect the proximal and the distal stump is
driven especially by Ephrin type-B receptor 2 (EphB2), Sox2, and N-cadherin (Parrinello et
al, 2010). Induced by fibroblast-bound ephrin B, Sox2 promotes N-cadherin induced by
EphB2 to get in touch with Schwann cells of the opposite stump (Parrinello et al., 2010).
Extensive RNA sequencing analysis proposed several additional proteins and processes
involved in the injury-induced response of Schwann cells (Bosse et al, 2006; Weiss et al,
2016). One big limitation of nerve regeneration is the slow regeneration tempo of the nerve in
combination with the loss of the cellular repair phenotype of Schwann cells over time
(Jonsson et al., 2013).

To be able to distinguish repair Schwann cells from mature or immature Schwann cells,
GDNF, oligodendrocyte transcription factor 1 (OLIG1), sonic hedgehog (Shh), artemin and c-
Jun have been proposed as repair Schwann cell-specific markers (Jessen & Mirsky, 2016).
After regeneration, repair Schwann cells convert back into a myelinating or non-myelinating
state, for this reason the repair Schwann cells were only mentioned as a transient state
(Jessen & Mirsky, 2016).

The repair response of Schwann cells start within minutes to hours after nerve injury with the
activation of JNK-pathway (Parkinson et al, 2008). Within the first day phospholipase A2
immunoreactivity, LIF, IL-6, IL-1a, IL1B, TNF-a , receptor tyrosine-protein kinase erbB-2
(ErbB2) neuregulin receptor reach their highest level, whereas IL-13, and TNF-a peak within
24 hours and subsequently decrease immediately (Kwon et al, 1997; Rotshenker, 2011). On
day 5, the autophagy process peaks. GDNF peaks after 1 week, c-Jun rises for up to 10
days and BDNF peaks after 2-3 weeks (De Felipe & Hunt, 1994; Eggers et al, 2010; Gomez-
Sanchez et al, 2015; Jessen & Mirsky, 2019a; Parkinson et al., 2008). Schwann cells
proliferate fast within 4 weeks up to the 4-fold amount and are reduced by half after 2-3
months (Jessen & Mirsky, 2019a). However, the level of c-Jun in the distal repair Schwann
cells decreases by the time from 4 weeks till 10 weeks after injury (Gomez-Sanchez et al.,
2017).

In 2018, the research group of Vadims Parfejevs revealed a functional involvement of glial
cells (Schwann cells) in the repair process of damaged skin in rodents. Using genetic lineage
tracing, the injury-induced migration of glial cells into the wound side was noticed. The
accumulated glial cells were positive for Sox10, had no contact with an axon and steadily
increased at the damaged area within two weeks after injury. These wound-associated glial
cells were also positive for repair Schwann cell-markers (c-Jun, protein kinase R (PKR)-like
endoplasmic reticulum kinase [pERK]) but also for proliferation factors (Ki67), factors typical
for Schwann cell precursor cells (NGFR), and negative for MBP, which indicates a

dedifferentiation and proliferation process. RNA sequencing analysis revealed a strong
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association of the wound-site Schwann cells with ECM production, migration and TGF-3
signalling. A lack of these wound-healing associated Schwann cells affected proper wound
closure and results in a decrease of myofibroblasts in the damaged area. However, the
described Schwann cell function in wound healing has not been investigated in the repair
process of the human skin (Parfejevs et al, 2018).

In this context, the diversity of repair-associated Schwann cells should be revived (Jessen &
Mirsky, 2005).
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Figure 4: Schwann cell transformation upon injury

32



1.9 Aims of the thesis

Since the term “keloid” has been mentioned the first time in connection with this continual,
border-crossing, fibrotic skin disease, several years of research have passed. Multiple cell
types, first of all fibroblasts, have been analysed and various hypotheses are still part of the

scientific discourse. The driving force behind the disease, however, still remains unclear.

The first aim of this thesis was to use scRNAseq to uncover so far unrecognized cellular
contributions and pathologic mechanisms in keloids and to define novel, promising

therapeutic approaches.
The second aim, emerging from the results of the first aim, was to comprehensively
investigate the so far unrecognized keloid-specific Schwann cell population, to define their

transcriptional pattern and their contribution to the keloidal pathology.

The third aim was to verify the disease specificity of keloidal Schwann cells by the
investigation of independent datasets of skin, scars, and keloids.
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2 CHAPTER TWO: RESULTS

2.1 Prologue

Multiple theories for the formation of keloids have been mentioned so far, whereby ethnical,
hereditary and inflammatory mechanisms are most commonly discussed. However, the initial
stimulus for keloid formation has not been elucidated yet. In the first publication of the thesis,
the cellular environment of keloid tissue was unravelled applying scRNAseq. Thereby, a so
far unrecognized presence of Schwann cells in keloids was identified. These keloidal
Schwann cells showed pathology-supporting features and appeared to induce a pro-fibrotic

state in macrophages.
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Abstract

Keloids are disfiguring, hypertrophic scars with yet poorly understood pathomechanisms, which could lead to
severe functional impairments. Here we analyzed the characteristics of keloidal cells by single cell sequenc-
ing and discovered the presence of an abundant population of Schwann cells that persisted in the hypertro-
phic scar tissue after wound healing. In contrast to normal skin, keloidal Schwann cells show a unique, pro-
fibrotic phenotype. Our data support the hypothesis that keloidal Schwann cells contribute to the formation of
the extracellular matrix and are able to affect M2 polarization of macrophages. Indeed, we show that macro-
phages in keloids predominantly display a M2 polarization and produce factors that inhibit Schwann cell differ-
entiation. This study suggests the contribution of a Schwann cell - macrophage cross-talk to the continuous
expansion of keloids, and that targeting Schwann cells might represent an interesting novel treatment option
for keloids.

© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/ )

Introduction into the surrounding healthy skin. In susceptible indi-
viduals even minor skin injuries, such as insect bites
Keloids are fibroproliferative, protruding scar-like or vaccinations, can induce keloid formation [ 2,3].
pathologies of the skin [1] characterized by a persist- Although keloids show some tumor-like behavior,

ing, gradual growth beyond the margin of the wound  they do not metastasize. Nonetheless, keloids can

0945-053X/@ 2022 The Author(s). Published by Elsevier B.V. This is an open access article Matrix Biology. (2022) 108, 55—76
under the CC BY license (  http://creativecommaons.org/licenses/by/4.0/ )
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cause severe pain, chronic pruritus, psychosocial
impairment and movement restriction due to their
scar-like character [3—6]. Genetic predispositions as
well as chronic inflammatory processes are being
discussed in disease etiology [ 2,6—8]. As keloids
are characterized by an increased proliferation of
fibroblasts and extensive over-production of ECM
components, keloid research has primarily focused
on the involvement offibrablasts in the development
of these lesions [1]. Although these studies have
identified numerous potentially pathology-related
factors, the fundamental patho-mechanistic events
driving keloid formation remain unclear [1]. The lim-
ited treatment options include steroid injections,
g-radiation, and surgery, but the majority of patients
still suffer from high recurrence rates [ 4,9,101, which
underline the importance ofidentifying novel thera-
peutic approaches.

Due to the pruritic and painful nature of keloids, a
neuronal contribution to the pathogenesis is conceiv-
able. The subepidermal nerve plexus of the skin is
the largest sensory organ of the human body. There
is growing evidence that cutaneous innervation plays
an important role in mediating wound healing [11,12].
It is, thus, surprising that a contribution of cutaneous
nerves in keloid formation is poorly investigated
[13-—-16]. The major cellular constituents of peripheral
nerves are Schwann cells. In the healthy skin,
Schwann cells ensheath cutaneous axons and
ensure the integrity and function of sensory neurons
[17—19]. Previously, increasing attention was drawn
to Schwann cells because of their ability to adopt a
transient repair phenotype in response to peripheral
nerve injury [20,211. This process involves a de-differ-
entiation step into a proliferative precursor or imma-
ture-like Schwann cell state and the acquisition of
repair specific functions [22]. These dedicated repair
Schwann cells phagocytize myelin debris, express
(neuro)trophic factors to support neuronal survival
and form regeneration tracks (Bungner bands) to pro-
mote axonal outgrowth and guidance [23,24]. Fur-
thermore, repair Schwann cells release a plethora of
chemokines and cytokines to attract macrophages,
thereby contributing to clear the lesion from myelin
debris and remodeling the ECM to facilitate nerve
regeneration [25—28]. Previous studies further sup-
port that the interaction between Schwann cells and
macrophages affect their phenotype. While macro-
phages are known to regulate repair Schwann cell re-
differentiation, Schwann cells promote the induction
of M2 polarization of macrophages [29]. Macro-
phages play a crucial role in cutaneous wound heal-
ing by modulating the microenvironment during the
different healing stages [30—32]. Especially M2-mac-
rophages are associated with fibrosis and scarring
and persist in keloids [ 31,33,34]. Moreover, a recent
study in mice reported that the wound microenviron-
ment is a key determinant of Schwann cell behavior,
influencing their proliferation status, re-programming

into mesenchymal-like cells, immune signaling and
ECM production [35]. Indeed, Schwann cells have
been shown to contribute not only to nerve regeneration
but also to wound healing by regulating myofibroblast
differentiation, epithelial proliferation and ECM formation
[36]. Hence, Schwann cells are important players in
cutaneous wound healing processes and might play a
yet underappreciated role in fibrotic processes.

In the present study we performed single-cell RNA
sequencing (scRNAseq) of keloids to analyze the
entire cellular spectrum and the transcriptional land-
scape at a single cell resolution and identified novel
cellular and molecular players involved in keloid
pathogenesis. Our analysis revealed that keloids
contain a not yet described population of Schwann
cells. The vast majority of these keloidal Schwann
cells was not associated with axons, displayed a de-
differentiated, pro-fibrotic phenotype, and showed
key features with a high potential for affecting ECM
deposition and macrophage function. Qur findings
suggest that an abnormal reaction of Schwann cells
to skin injuries contribute to keloid pathogenesis.

Results

ScRNAseq reveals enrichment of Schwann cells
in keloids

To investigate the cellular composition of keloids,
we performed scRNAseq and compared our data
with a recently published scRNAseq data set of nor-
mal human skin [37]. In total, transcriptomic data of
19,598 cells from normal skin and 47,478 cells from
keloids were analyzed. As comparable single cell iso-
lation methods were used in both studies, the differ-
ences in cell numbers mainly reflect the differing
cellular composition of normal skin and keloids. After
unbiased cluster generation ( Fig. 1A), cell clusters
were identified with well-established marker genes as
well as computed clustermarkers (Supplementary
Fig. 1A and 1B; Supplementary Table 1). Cell clusters
have been assigned to fibroblasts (FB), smooth mus-
cle cells and pericytes (SMC/PC), keratinocytes
(KC), endothelial cells (EC), lymphatic endothelial
cells (LEC), T-cells (TC), macrophages (MAC), den-
dritic cells (DC), melanocytes (MEL) erythrocytes
(ERY) and Schwann cells (SC) {  Fig. 1 A). Comparison
of different cell types between normal skin and
keloids revealed a significant increase in cell number
offibrablasts, endothelial cells and lymphatic endo-
thelial cells [ 1,38] (Fig. 1 A). Immunofluorescence (IF)
staining corroborated our scRNAseq data by showing
an increase in fibrotic and well-vascularized tissue of
keloids compared to healthy skin (Supplementary
Fig. 2). Strikingly, the proportion of Schwann cells
were strongly increased in keloids ( Fig. 1B). These
Schwann cells were characterized by the expression
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Fig. 1. Single cell RNA sequencing revealed Schwann cell accumulation in keloids compared to healthy skin. (A) Inte-
grated UMAP-plots comparing cells of healthy skin ([ n = 7) with keloid tissue { n = 4), split by tissue, identifying fibroblasts
(FB), smooth muscle cells and pericytes (SMC/PC), keratinocytes (KC), endothelial cells (EC), lymphatic endothelial cells
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of 5100 calcium binding protein B { S100B ), nerve
growth factor receptor (NGFR ) (Supplementary Fig.
1B), myelin protein zero ( MPZ ), proteolipid protein 1
(PLP1 ), peripheral myelin protein 22 ( PMP22 ), neural
cell adhesion molecule 1 { NCAM1 ), L1 cell adhesion
molecule (L1CAM ), sodium voltage-gated channel
alpha subunit 7 (SCN7A ), sry-box transcription factor
10 (SOX10 ), periaxin ( PRX }, myelin associated glyco-
protein (MAG ), desert hedgehog signaling molecule
(DHH), fatty acid binding protein 7 (FABP7 ), growth
associated protein 43 ( GAP43 ) and early growth
response 2 [ EGR2 ) (Supplementary Fig. 1C).To com-
pare the SC populations between skin and keloid
samples, IF staining for the Schwann cell marker
S100B was performed. In healthy skin 5100B stained
epidermal Langerhans cells, melanocytes and dermal
Schwann cells of the subepidermal nerve plexus,
nerve structures around sweat glands, and larger
nerve bundles of the deep dermis ( Fig. 1 C). By con-
trast, S100B staining of keloids showed a scattered
distribution of Schwann cells within the keloidal tissue
(Fig. 1 Q). Morphologically, Schwann cells in keloids
showed an elongated, bipolar shape with a spindle-
shaped body (Fig. 1D). To further determine
whether Schwann cells were associated with neu-
rons, we stained 100 nm thick transversal dermal
sections of normal skin and keloids with S100B
and the neuronal markers PGP9.5 and neurofila-
ment (NF) ( Fig. 2A and B). Throughout all dermal
layers of healthy skin, Schwann cells were found
to ensheath axons ( Fig. 2 A), while the vast major-
ity of Schwann cells in keloids was not associated
with axons up to 6 mm depth (Fig. 2B, Supple-
mentary movies 1 —7). Only in the deep dermis of
keloids (6000 —8500 mm), neuron-ensheathing
Schwann cells were detected. Since axon-free
Schwann cells in keloids showed uniform spatial
orientation, we performed second harmonic gener-
ation microscopy together with S100B staining
and found that the majority of Schwann cells were
closely aligned with collagen bundles ( Fig. 2C,
Supplementary movies 8 and 9).

Several Schwann cell subtypes are present in
keloids

To characterize the Schwann cell population in
keloids in more detail, we performed subclustering

and detected four Schwann cell subtypes exclusively
present in keloids (SC-Keloid, SC-EC, SC-FB and
SC-Prolif). In addition, one Schwann cell cluster was
exclusively found in normal skin (SC-Skin), while
another Schwann cell cluster was present in both nor-
mal skin and keloids (SC-Promyel) (  Fig. 3 A and Sup-
plementary Fig. 3). A total of 370 genes were
differentially expressed between all keloid- and skin-
derived Schwann cells (144 up- and 226 down-regu-
lated) (Fig. 3 B). The skin-specific Schwann cell clus-
ter (SC-Skin) expressed several genes characteristic
for myelinating Schwann cells { MBP, PLP1, PMP22,
MPZ ) as well as genes commonly expressed in non-
myelinating Schwann cells ( NCAM1, L1CAM,
SCN7A ) [23,39] (Fig. 3C, D and Supplementary
Fig. 4). SC-Promyel, presumably representing pro-
myelinating Schwann cells were characterized by the
expression of pou class 3 homeobox 1 { POU3F1 ),
glial fibrillary acidic protein (GFAP ) and forkhead box
protein 04 (FOX04 ), the reduced expression levels
of MPZ and PLP1 and the lack of MBP (Fig. 3C)
[40,41]. In line with our scRNAseq data, double stain-
ing of S100B with MBP confirmed that myelinating
Schwann cells were present in healthy skin but virtu-
ally absent from keloids ( Fig. 5A). Schwann cells
within keloids showed no or weak expression of pre-
viously described marker genes of mesenchymal pro-
genitor cells, skin-derived precursor cells, neural
crest cells and Schwann cell progenitor cells
(Fig.3C) [41,47—49].

The majority of Schwann cells present in keloids is
represented by the SC-Keloid subtype characterized
be the expression of nestin ( NES ), insulin-like
growth factor-binding protein 3 (IGFBP3 ), IGFBP5
transforming growth factor beta—induced (TGFBI )
and TNF-alpha induced protein 6 ( TNFAIP6)
(Fig. 3A and D) [21,42 -44]. Ta validate our tran-
scriptomics data on the protein level, we performed
double staining of 5100B and nestin, visualizing
that keloidal Schwann cells were highly positive
for nestin (Fig. 4 A). Nestin is a known marker for
neural precursor cells, involved in neuronal/glial
development, which is also upregulated in human
repair Schwann cells [ 45,46]. To characterize the
cellular state of keloidal Schwann cells in more
detail, we conducted IF staining for SOX10 and
NGFR, which are both known to be upregulated
in immature/de-differentiated Schwann cells, as

(LEC), T-cells (TC), macrophages (MAC), dendritic cells (DC), Schwann cells (SC), melanocytes (MEL) and erythrocytes
(ERY). Bar plot indicates relative amounts of cell types within skin and keloid samples, RAW-UMAP represents unsplit
UMAP without cluster coloring. Inserts show representative micrographs of Hematoxylin-Eosin-stained skin and keloid

sections. Scale bars: 250

mm; dashed arrowheads indicate SC-cell clusters. (B} Comparison of relative SC amounts by

tissue. * indicates p-value < 0.05. (C) Representative immunostainings of skin (leftside) and keloid (right-side) with
5100B-positive SCs in the dermal area. LH = Langerhans cell, sNP = subepidermal nerve plexus, SG = sweat gland,

NB = nerve bundle. Scale bars: 100
analyzed per staining.

mm; (D) Close-up of keloidal SCs; Scale bar: 20

rmm. Tissues of n = 3 donors were
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(A) skin depth [pm]

(B)

. epldarmis D dermis - skin D dermis - kelold . sheet region

(©

Fig. 2. Nerve-autonomous Schwann cell distribution throughout the whole keloidal dermis. Bird 5-eye view of 100 nm-
thick sections of (A) healthy skin and (B) keloidal dermal sheets. S100B indicates Schwann cells and PGP 9.5 (right side)
or NFpan (left side) nerve fibers. Vertical reference bar illustrates depth of the depicted sheet region below the skin sur-
face. Scale bar: 100 nm. (C) Dermal sheet image (1700-1800 rmm depth) of keloids obtained via second harmonic genera-
tion (SHG) microscopy in combination with immunofluorescence staining of S100B. cyan: extracellular matrix, yellow:
S100B positive cells. Scale bar; 100 mm.
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Fig. 3. ldentification of keloid-specific Schwann cell subtypes. (A) Analysis of the Schwann cell subset identified 6 dis-
tinct Schwann cell subtypes depicted in UMAP-plots split by tissue, Pieplots display cluster percentage of the identified
cell subtypes within each condition. Dotplot shows the top 10 genes leading to subcluster formation. Identified Schwann
cell cluster: Myelinating and non-myelinating Schwann cells of the healthy skin (SC-5kin), promyelinating Schwann cells
(SC-Promyel), keloidal Schwann cells (SC-Keloid), proliferating Schwann cells (SC-Prolif}, cells expressing Schwann cell
and endothelial cell specific genes (SC-EC), cells expressing Schwann cell and fibroblast specific genes (SC-FB). Color
codes indicate average gene expression levels; Dot sizes indicate relative amounts of positive cells, (B) Total amount of
differentially expressed genes (DEG) of all keloid- Schwann cells compared to all skin- Schwann cells. Genes with an
average foldchange = 2 were included. (C) Mature Schwann cell assignment by validated marker genes;
mSC = myelinating Schwann cell marker; nmSC = marker genes for non-myelinating Schwann cells; pm /
iSC = premyelinating / immature Schwann cell marker; NC / SCP = Neural crest cells / Schwann cell precursor marker;
MPC = Mesenchymal progenitor cell marker; SDP = Skin Derived Precurser Cell marker. Color intensity indicates average
gene expression. Dat-size shows percentage of cells expressing the genes. (D) Feature Plots of the integrated Schwann
cells from healthy skin and keloids shows the expression of $100 calcium binding protein B (5100B), myelin basic protein
(MBP), sodium voltage-gated channel Alpha Subunit 7 (SCN7A), nestin (NES), insulin-like growth factor binding protein 5
(IGFBPS5), tumaor necrosis factor alpha induced protein 6 (TNFAIP6), marker of proliferation Ki-67 (MKI67), DNA topoisom-
erase |l alpha (TOP2A), decorin (DCN), lumican (LUM), E-selectin (SELE) and intercellular adhesion molecule 1 (ICAM1).
Normal log gene expressions are mapped on the UMAP-Plot,
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Fig. 4. Immunofluorescence staining confirmed predicted Schwann cell subtypes in keloid tissue. Immunastainings of
keloidal Schwann cells for (A) S100B and Nestin, (B) ST00B and nerve growth factor receptor (NGFR), (C) S100B and
SRY-box transcription factor 10 (SOX10) and (D) NGFR and Jun proto-oncogene (JUN). Scale bar: 100 mm. One repre-

sentative micrograph of n = 3 donors per condition is shown.

well as the transcription factor JUN, which was nuclear expression was exclusively found in keloi-
demonstrated to be a key factor determining the dal Schwann cells ( Fig. 4C). Of note, keloidal
repair identity of Schwann cells [21]. NGFR was Schwann cell nuclei were positive for c-JUN
strongly expressed by keloidal Schwann cells and (Fig. 4 D) but ¢c-JUN expression was also found in
vascular endothelial cells ( Fig. 4B). S50X10 other cells.
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(A) Skin Keloid

_—

S100B

(B) Skin Keloid

© Skin Keloid

(D) Skin Keloid

Fig. 5. Immunofluorescence staining confirmed predicted Schwann cell subtypes in keloid tissue. Representative
immunofluorescence images of (A) myelin basic protein (MBP) and S100B stained Schwann cells showed double positive
cells exclusively in healthy skin. Immunostainings of Schwann cells double positive for (B) nerve growth factor receptor
(NGFR) and marker of proliferation Ki-67 (KI67), (C) S100B and cluster of differentiation 31 (CD31) and (D) S100B and
THY-1 cell surface antigen (CD90) in keloid tissue compared to healthy skin. Arrows, frames and rectangles indicate dou-
ble-positive cells. Arrowheads indicate vessels, Tissues of  n =3 donors per condition were stained. Scale bars: 50 nm.
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In addition, we detected a Schwann cell cluster
(SC-Prolif) with high expression of genes associated
with cell division, such as markers of proliferation Ki-
67 (MKI67 ) and DNA-Topoisomerase 2-alpha
(TOP2A) in keloids but not in normal skin (Fig. 3 A
and D). IF staining of keloids with Ki-67 in combina-
tion with NGFR confirmed the presence of proliferat-
ing Schwann cells in situ, indicating that single
Schwann cells in keloids re-enter the cell-cycle
(Fig. 5 B), corresponding to the increased prolifera-
tion rates of Schwann cells reported during wound
healing and repair processes [ 35,36].

Two minor keloid specific Schwann cell popula-
tions were characterized in our scRNAseq analysis.
The SC-EC cluster showed a combined expression
of Schwann cell and endothelial cell markers such
as selectin-E ( SELE ) and intercellular adhesion mol-
ecule 1 (ICAM1 ), and the SC-FB cluster showed a
combined expression of Schwann cell and fibroblast
markers such as lumican { LUM), decorin (DCN) or
CD90 (Fig. 3 A, D and Supplementary Figs. 5 and 6,
Supplementary movie 10). IF staining confirmed our
single cell data and illustrated double positive cells
for 5100B and the endothelial cell marker CD31
(SC-EC; Fig. 5Q) as well as S100B and the fibro-
blast marker CD90 in keloids (SC-FB;  Fig. 5D). In
normal skin, CD90-paositivity was ohserved in the
connective tissue and axons but not in Schwann

(A)

5.0

SC-Keloid

2.5.

pseudotime
0.0 16

Umap 2

+SC—Prolif

SC-FB

SC-EC

-8 -4 0 4
UMAP 1

cells (Fig. 5D) [47]. Compared to all other 5100B-
positive Schwann cells, SC-EC showed weaker
S100B-expression and a different morphology, as
they were oval shaped without extensions { Fig. 5C,
Supplementary Fig. 7). The identified SC-FB and
SC-EC cell populations might represent a so far not
recognized manifestation of Schwann cell plasticity.

In silico analysis of the Schwann cell
differentiation behavior in keloids

Upon peripheral nerve injury, non- and myelinat-
ing Schwann cells start to de-differentiate, regain
migratory and proliferative properties, and perform
specific repair functions to support the regeneration
of damaged nerves [ 23,36]. To investigate whether
similar processes are ongoing during keloid devel-
opment, we performed pseudotime trajectory analy-
sis. Pseudotime trajectory suggested that keloidal
Schwann cells indeed originate from differentiated
myelinated Schwann cells ( Fig. 6 A). Moreover, our
calculation indicated that some of these keloidal
Schwann cells acquired a proliferative state or de-
differentiated into fibroblast-like or endothelial-like
Schwann cells ( Fig. 6A). We further determined
changes in Schwann cell gene expression along the
pseudatime axis. While expression of genes associ-
ated with myelination [neuroblast differentiation-
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® cavi
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g2 4 GPMEB
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Fig. 6. Pseudotime analysis revealed genetic transformation from healthy SCs to keloidal SCs. (A) UMAP-plot includ-
ing pseudotime track starting from healthy skin Schwann cells (SC-Skin) to keloidal Schwann cells. Color code indicates
cellular moment in the calculated pseudotime. (B) Regulation of the expression of the myelination-associated genes: mye-
lin basic protein (MBP), cluster of differentiation 9 (CDS), myelin protein zero (MPZ), proteolipid protein 1 (PLP1), neuro-
blast differentiation-associated protein {AHNAK), caveolin 1 (CAV1), neuronal membrane glycoprotein M6-B (GPM6B)
and peripheral myelin protein 22 (PMP22) along the pseudotime. (C) Expression of genes associated with Schwann cell
precursor cells, keloidal Schwann cells, nerve regeneration and cell migration: zinc finger e-box binding homeobox 2
(Zeb2), neurexin 1 (NRXN1), proliferation-inducing protein 33 (SPARCL1), pleiotraophin (PTN), protein tyrosine phospha-
tase receptor type Z1 (PTPRZ1), platelet derived growth facter alpha chain (PDGFA), cellular communication network fac-
tor 3 (CCN3), transforming growth factor beta —induced (TGFBI), tenascin € (TNC) and calreticulin (CALR). Only SC-
Skin, SC-Promyel and SC-Keloid have been included to the pseudotime-expression analysis.
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associated protein { AHNAK) , caveolin 1 ( CAV1),
cluster of differentiation 9 (CD9), neurcnal mem-
brane glycoprotein M6-B ( GPMé6B), MBP, MPZ,
PLP1 or PMP22 ] decreased over pseudotime
(Fig. 6 B), the expression of genes associated with
Schwann cell precursor cells, repair Schwann cells
and nerve regeneration, such as cellular communi-
cation network factor 3 (CCN3), neurexin 1
(NRXN1) , platelet derived growth factor alpha chain
(PDGFA), pleiotrophin (PTN), protein tyrosine phos-
phatase receptor type Z1 ( PTPRZ1) , proliferation-
inducing protein 33 (SPARCL1) and zinc finger
e-box binding homeobox 2 (ZEB2) increased
(Fig. 6 Q) [48—55]. Furthermore, factors associated
with cell migration, including calreticulin (CALR ),
TGFBI and tenascin ¢ ( TNQ) [56—58], increased
along the pseudotime trajectory {Fig. 6 C). A more
complete set of genes requlated along the pseudo-
time trajectory is provided in Supplementary Fig. 8.
These findings support the hypothesis that keloidal
Schwann cells originate from differentiated myelin-
ated Schwann cells by decreasing the expression of
myelin genes while upregulating genes involved in
repair mechanisms and migration.

Keloidal Schwann cells contribute to the
formation of the extracellular matrix

As the pseudotime trajectory analysis indicated
functional changes of Schwann cells in keloids, we
further investigated the transcriptional differences
and their possible functional consequences. There-
fore, we utilized GO-Term enrichment analyses and
found that genes highly expressed in normal skin
Schwann cells were strongly associated with myeli-
nation and neuron development (Supplementary
Fig. 9A), as well as membrane assembly, macro-
phage chemotaxis and dendritic cell differentiation
(Supplementary Fig. 9B). GO-terms of the keloid-
specific Schwann cell clusters differed significantly
from those of Schwann cells present in normal skin.
The most prominent GO-terms found in SC-Prolif
were associated with cell proliferation processes
(Supplementary Fig. 10A). Genes specifically
expressed in SC-EC were mainly associated with
the regulation ofinflammatory response, and
response to bacteria but also with vasculature devel-
opment and regulation of epithelial cell differentia-
tion (Supplementary Fig. 10B). The gene set
enriched in SC-FB showed strong association with
processes regulating the production and assembly
of the ECM (Supplementary Fig. 10C). Interestingly,
genes strongly expressed in SC-Keloid were associ-
ated with organization of the ECM, response to
wound healing and connective tissue development
(Fig. 7 A). Overall, the expression of many genes
associated with ECM production and assembly  [59]
was significantly up-regulated in keloids (Supple-
mentary Figs. 11 —13) and various matrix-associated

genes were enriched specifically in keloidal
Schwann cells { Fig. 7B). Since inflammatory pro-
cesses have been reported to be involved in the
pathogenesis of keloids, we further investigated the
expression offactors related to skin inflammation.

However, the expression ofinflammatory mediators

was even down-regulated in keloids compared to
healthy skin (Supplementary Fig. 14) and not regu-

lated in Schwann cells ( Fig. 7C). Together these
data indicate a contribution of Schwann cells to the
organization of the ECM but not the inflammatory
milieu in keloids.

Schwann cells in keloids differ signi
Schwann cells found in neuro

ficantly from
fibroma type 1

Since the majority of Schwann cells in keloids
were not associated with axons and displayed a de-
differentiated phenotype, we next explored their sim-
ilarity to Schwann cells of cutaneous neurofibroma
type 1 (NF1), a benign skin-tumor originating from
Schwann cells [60]. Therefore, we compared our
data set with previously published scRNAseq data
of NF1 [61]. The re-calculated UMAP ( Fig. 8 A) and
cluster markers ( Fig. 8B) differed significantly
between SC-NF1, SC-Skin and most keloidal
Schwann cells. Only the SC-EC cluster showed high
transcriptional resemblance with SC-NF1 ( Fig. 8 A,
left and middle panel; red oval) resulting in a new
shared cluster after combined calculation { Fig. 8 A,
right panel and Fig. 8 C). Cells of this combined clus-
ter displayed a transcriptional profile associated with
inflammatory processes (Supplementary Fig. 15).
Importantly, no Schwann cells with SC-Keloid char-
acteristics were found in NF1. In addition, pseudo-
time trajectory of the combined data set showed that
SC-Keloid and SC-NF1 represent two separate
branches, both originating from myelinating and
non-myelinating skin Schwann cells ( Fig. &D).
Expression of genes associated with matrix forma-
tion was decreased in NF1, suggesting that NF1-
derived Schwann cells are not involved in tissue
remodeling processes ( Fig. 8 E). However, expres-
sion of several inflammatory mediators, such as
interleukin 6 (IL&), interleukin 8 (CXCL8 ), nuclear
receptor 4A1 (NR4A1 ) and nuclear receptor 4A2
(NR4A2 ) was strongly upregulated in NF1-derived
Schwann cells { Fig. 8 F), indicating that they contrib-
ute to tissue inflammation. Hence, our comparison
shows that Schwann cells in keloids and Schwann
cells in NF1 differ drastically in their ability to affect
tissue remodeling and inflammation.

Schwann cells in keloids modulate macrophage
function

Since denervated Schwann cells are known to

interact with macrophages [26], we next investigated
the phenotype of macrophages and how
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Fig. 7. Keloidal Schwann cells contribute to ECM formation. (A) GO-term enrichment of top-clustermarker genes with
average foldchange > 1.5 from SC-Keloid. Bar length represents statistical significance of the annotated term. Genes
annotated to the respective term are marked in red. Dotplot depicts expression of the top-clustermarker genes in all
Schwann cell subtypes. Color intensity of the dots depicts average gene expression. Dot size symbolizes percentage of
cells expressing the respective genes. (B) Expression of the matrix-associated genes cellular communication network fac-
tor 3 (CCN3), collagen type | alpha 1 (COL1A1), collagen type Il alpha 1 (COL3A1), collagen type IV alpha 1 (COL4A1),
collagen type IV alpha 2 (COL4A2), collagen type V alpha 1 (COL5A1), collagen type V alpha 2 (COL5A2), collagen type
Vil alpha 1 (COL7A1), collagen type VIl alpha 1 {COL8A1), collagen type Xll alpha 1 (COL12A1), collagen type XVIII
alpha 1 (COL18A1), elastin (ELN), insulin like growth factor binding protein 3 {IGFBP3), insulin like growth factor binding
protein 5 (IGFBP5), tenascin ¢ (TNC) and transforming growth factor beta induced (TGFBI) of Schwann cells from the
healthy skin and keloid. (C) Expression of the inflammation-associated genes interleukin 1 alpha (ILTA), interleukin 1 beta
(IL1B), interleukin & (IL6), interleukin 8 (CXCL8), tumor necrosis factor alpha (TNF), interferon gamma (IFNG), leukotriene
C4 synthase (LTC4S) and colony-stimulating factor 2 (CSF2) in Schwann cells of healthy skin and keloids. Crossbeam of
violin plots depicts mean expression value. Vertical lines show maximum expression. Width represents frequency of cells
at the respective expression level; ns.  p-value > 0.05; ***p-value < 0.0007.
macrophage function is influenced by the stroma in {CD163) for M2-macrophages and interleukin-1 beta
keloids, especially by Schwann cells. IF confirmed a (IL1B) and chemoakine ligand 2 { CXCL2) for M1-
reported increase of macrophages in keloids com- macrophagesl ( Fig. 9A). Whereas healthy skin
pared to healthy skin (Supplementary Fig. 16A) mainly contained M1-macrophages (MAC-M1; 89%)
[33,34]. We therefore sub-clustered macrophages and only few M2-macrophages (MAC-M2; 8%), the
and classified them according to established M1 majority of macrophages in keloids expressed

and M2 activation markers [macrophage mannose genes corresponding to M2-macrophages (MAC-
receptor (MRC1 ) and cluster of differentiation 163 M2; 49%). Another large macrophage population in
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Fig. 8. Keloidal Schwann cells differ from Schwann cells in cutaneous neurofibroma type 1. (A) UMAP-Plot ofinte-
grated Schwann cells data from healthy skin ( n = 7), keloid { n = 4) and cutaneous neurofibroma type 1 (NF1) { n =3}, Tis-
sue UMAP-Plot indicates tissue-specific origin of cells. Celltype UMAP-Plot shows previously identified celltypes and
NF1-derived cells. Re-calculated cluster UMAP-Plot colored by newly formed cell cluster resulting from joint computation
of all Schwann cells. Newly calculated clusters are titled based on their origin except the resulting mixed cluster
{(Keloid p NF1-mix) and marked by specific color. Dashed circle highlights mixed cluster. (B) Top 10 differentially
expressed genes between Schwann cells of healthy skin, keloid and NF1. Colors indicate average expression and circle
indicate relative amounts of positive cells, (C) Percentage distribution of newly calculated clusters by tissue. Red frame
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keloids showed a mixed M1/M2 phenotype (MAC-
M1/M2; 36%) and a smaller population was charac-
terized by a combined expression offibroblast- and
macrophage-specific  genes  (MAC-FB; 15%)
(Fig. 9 B and Supplementary Fig. 16B).

We then focused our analysis on Schwann cell-
derived factors that are known to influence macro-
phage function. Expression data of keloidal
Schwann cells revealed several genes coding for
secreted proteins, which are involved in the regula-
tion of macrophage function. One of the strongest
upregulated genes in SC-Keloid was tumor necrosis
factor alpha-induced protein 6 (TNFAIP3 ) (Fig. 90Q),
which has been shown to inhibit inflammation
[62—64] and promote M2 polarization of macro-
phages [65,66]. In addition, we found an upregula-
tion of CCN3 in keloidal Schwann cells ( Fig. 9C), a
growth factor known to promote macrophage recruit-
ment and differentiation into a M2 phenotype [67].
Interestingly, CCN3 was also upregulated in mela-
nocytes in keloids. In accordance with a M2-promot-
ing environment, CC-chemokine ligand 2 ( CCL2 ), a
chemokine impartant for the recruitment ofinflam-
matory M1 macrophages in wounds [ 68,69], was
almost completely absent in keloids ( Fig. 9 C). Fur-
thermore, CC-chemokine ligand 3 { CCL3 ) expres-
sion was strongly downregulated in keloids
(Fig. 9C). Since CCL2 and CCL3 in combination
with TNF-alpha ( TNF) are known to enhance the
production and release of the ECM-degrading
enzyme matrix metallopeptidase 9 (MMP9) in mono-
cytes [70], we next investigated MMP9 levels in our
data set. While MMP9 was expressed by macro-
phages and dendritic cells in healthy skin, we
detected no MMP9 expression in keloids ( Fig. 9Q),
and the total release of MMP9 protein was strongly
reduced in keloids ( Fig. 9 D). Macrophages have
been reported to regulate Schwann cell dynamics
during nerve regeneration by suppaorting Schwann
cell re-myelinisation and maturation through growth
arrest-specific 6 { GAS6 ) [71]. Indeed, GAS6 expres-
sion was significantly decreased in MAC-M2 and
MAC-M1/M2 in keloids ( Fig. 9 C). Among the stron-
gest upregulated genes in SC-Keloid was  IGFBPS ,
a known pro-fibrotic factor supporting macrophage
migration and conversion of monocytes into mesen-
chymal cells ( Fig. 9C) [72—74]. IGFBP3, another
member of the IGFBP protein family with known anti-
—inflammatory activity [75] was also significantly
upregulated in keloidal Schwann cells { Fig. 9C). To
validate our scRNAseq data, we quantified several
of the identified factors in skin and keloid biopsy
lysates. We detected elevated CCN3 levels, while

CCL2, MMP9, and GAS6 were significantly
decreased in keloids compared to healthy skin
(Fig. 9 D). In addition, immunofluorescence staining
confirmed increased IGFBPS5 in the dermis of keloids
compared to normal skin ( Fig. 9 E). Together, these
data indicate a crosstalk of keloidal Schwann cells
and macrophages promoting increased matrix pro-
duction by Schwann cells whilst inhibiting matrix
degradation by macrophages.

Discussion

To date, the pathophysiological processes under-
lying keloid development are still poorly understood.
Thus, we here performed a comprehensive scRNA-
seq approach supported by confocal microscopy
and second harmonic generation (SHG) imaging to
provide insight into yet unknown cellular and molec-
ular drivers of keloid formation. Qur findings intro-
duce Schwann cells as novel players involved in
keloid pathology and suggest them as promising
therapeutic targets.

Unbiased clustering of our scRNAseq data
together with IF staining confirmed high amounts of
fibroblasts and endothelial cells in keloids compared
te normal skin. This finding is in line with the known
keloid morphology and a recently published single
cell data set of keloids on gene regulation in these
cell types [38]. In contrast to the publication by Liu
et al, we detected a significantly increased
Schwann cell population in keloids compared to
healthy skin. Strikingly, the data set by Liu et al.
showed a much higher Schwann cell number in the
control skin samples as compared to our healthy
skin samples. We explain this discrepancy by the
different sources of skin control samples. While Liu
et al., used samples from skin areas closely adja-
cent to the keloids [38], we used normal skin from
donors not harboring keloids. This observation indi-
cates that the number of Schwann cells is already
increased in skin adjacent to keloids and, therefore,
already affected by keloid pathology. Since keloids
are constantly growing tumors, infiltration of
Schwann cells into the surrounding tissue might rep-
resent an important driver of the disease. However,
further studies are necessary to address this ques-
tion.

Tumor innervation and the contribution of the ner-
vous system to keloid pathology have been hardly
explored so far, and previous publications are con-
tradictory [13—16]. As the major constituents of
nerves are axons and Schwann cells, it was striking

highlights cluster with tissue purity below 80%. (D) UMAP-plot including pseudotime track starting from healthy skin
Schwann cells (SC-Skin) to Schwann cells from Keloid or NF1. Color code indicates cellular moment in the calculated
pseudotime. (E) Expression of matrix- and (F) inflammation-assaciated genes by Schwann cells of healthy skin, keloids
and NF1. Colors indicate average gene expression and size shows percentage of cells expressing the genes in a group.
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Fig. 9. Predicted Schwann cell - Macrophage interaction in keloids. (A) Macrophage cluster identification by marker
genes: cluster of differentiation 68 (CD68), interleukin 1 beta {IL1B), cluster of differentiation 163 (CD163), lumican
(LUM), chemockine (c-x-c motif) ligand 2 (CXCL2), mannose receptor (MRC1). Color intensity shows average gene
expression. (B) Subset of macrophages detected in healthy skin { n = 4} and keloids ( n = 4). Bars depict percentage
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that the majority of keloidal Schwann cells were not
associated with an axon, These axon-free Schwann
cells had a spindle shaped morphology, comparable
to that described for repair Schwann cells [ 20,24].
Repair Schwann cells show a characteristic expres-
sion pattern, including the expression of precursor/
immature Schwann cell markers, such as  SOX10,
NGFR and NES, and repair-relevant markers such
as JUN [21,42 —45], that were all verified in our keloi-
dal Schwann cell cluster. Of note, some previously
published marker genes for repair Schwann cells
(OLIG1, BDNF  or GDNF } were not detected in our
data set, arguing against a classical repair pheno-
type of these cells [20]. The long lasting presence of
Schwann cells in keloids might shape the expres-
sion of a keloid-specific gene set differing from that
of bona fide repair Schwann cells. As a skin injury
precedes keloid formation, the manifestation of
keloidal Schwann cells might reflect an abnormal
wound healing response of dermal repair Schwann
cells. Parfejevs et al. recently showed that peripheral
glia cells are able to disseminate from the injured
nerves into the granulation tissue, de-differentiate
and proliferate during wound healing in mice [36]. At
the wound site, infiltrating glia cells produce para-
crine factors inducing mycfibroblast differentiation,
thereby promoting wound closure [36]. These find-
ings are in line with our pseudotime trajectory analy-
sis, which supports that keloidal Schwann cells
descend from adult Schwann cells. In response to
skin injury, an aberrant activation of dermal repair
Schwann cells through intrinsic or extrinsic influen-
ces could drive the manifestation of keloidal
Schwann cells and potential subtypes. We detected
cells co-expressing Schwann cell and endothelial
cell markers or Schwann cell and fibroblast markers.
Future studies are warranted to determine whether
these cells indeed represent a trans-differentiation
state of Schwann cells. Compared to SC-Keloid and
SC-FB, SC-EC exhibited a markedly different mor-
phology and lower expression of S100B. In addition,
SC-EC were devoid of SOX10 expression (data not

shown), suggesting vast loss of Schwann cell char-
acteristics. Elucidating the functional relevance of
these Schwann cell subsets remains to be evaluated
in future investigations.

Interestingly, we found a decreased number of
Schwann cells in scar tissue when compared to
healthy skin or keloid tissue (Supplementary Fig.
17). This observation suggests that dermal repair
Schwann cells do not remain in normal scar tissue
after completion of wound healing. Therefore, the
high abundance of Schwann cells in keloids led us
to hypothesize that the persistence of dermal repair
Schwann cells in the injured skin environment con-
tributes to the pathogenesis of keloids. Of note, a
connection between Schwann cell density in the
skin and impaired wound healing has already been
demonstrated in humans [76]. Reinisch et al
showed that the number of Schwann cells in the
periphery was strongly diminished in patients with
diabetes mellitus, suggesting a role for Schwann
cells in the development of diabetic foot ulcers [76].
However, the exact mechanisms underlying this
phenomenon remain unclear and need further inves-
tigations. Since mice do not develop keloids [1] and
currently available in vitro models have several limi-
tations [1], such as the lack ofimportant cell types,
including Schwann cells, answering this question is
challenging and will require the establishment of
new model systems. Nevertheless, we could dem-
onstrate that Schwann cells significantly contribute
to the stromal microenvironment of keloids by
expressing factors that directly affect the function of
other cells and ECM formation (several collagens
and members of the IGFBP-family) [ 59,72 —74].

The expression pattern of keloidal Schwann cells
demonstrate high disease-specificity, as Schwann
cells of NF1, another benign skin tumor with
Schwann cell contribution [60], showed only minor
similarities to those found in keloids. Whereas keloi-
dal Schwann cells displayed a pro-fibrotic expres-
sion pattern with little expression of pro-
inflammatory genes, Schwann cells in NF1 had a

distribution of detected macrophage-cluster for each tissue. Identified macrophage cluster: M1-macrophages (MAC-M1),
M2-macrophages (MAC-M2), M1-M2 intermediate macrophages (MAC-M1/M2), cells expressing macrophage and fibro-

blast specific genes (MAC —FB) (C) Expression of TNF-alpha induced protein 6 (TNFAIP6), cellular communication net-
work factor 3 (CCN3), CC-chemokine ligand 2 (CCL2), CC-chemokine ligand 3 (CCL3), TNF-alpha (TNF), matrix

metallopeptidase 9 (MMP9), Growth arrest

— specific 6 (GAS6), insulin-like growth factor-binding protein 3 (IGFBP3) and

insulin-like growth factor-binding protein 5 (IGFBP5) of cells from healthy skin and keloids. Upper panel violin-plots depict
gene expression across all celltypes split by tissue; green= skin, blue= keloid; fibroblasts (FB), smooth muscle cells and
pericytes (SMC/PC), keratinocytes (KC), endothelial cells (EC), lymphatic endothelial cells (LEC), T-cells (TC), macro-
phages (MAC), dendritic cells (DC), Schwann cells (SC), melanocytes (MEL) and erythrocytes (ERY); Lower panel violin-
plots show gene expression in previously described Schwann cell- or macrophage- types; crossbeam marks mean gene
expression; vertical lines show maximum expression, Width represents frequency of cells at the respective expression

level. (D) Protein quantifications of CCN3, CCL2, MMP9, and GAS6 in skin and keloids (
all others, measured in duplicate). Whiskers represent first and third quartiles and central bar marks median. *
**5 < 0.01; (E) Representative immunostaining of IGFBP5 in skin and keloids. Tissues of

stained. Scale bars: 100 mm.

n = 2 donors for CCN3, n =3 for
p < 0.05,
n = 3 donors per condition were
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prominent pro-inflammatory phenotype, which is in
line with a recent publication [77]. Although most of
the Schwann cells present in NF1 and keloids are
not attached to axons, they develop a remarkably
different phenotype. This could be explained by the
neoplastic transformation of Schwann cells during
NF1 development [78], while the keloidal Schwann
cells rather represent deregulated repair cells per-
sisting after an injury. Since a genetic companent
has been suggested for the development of kelcids
[2,6—8], it is conceivable that genetic alterations of
the expression of one or several genes might
directly or indirectly affect Schwann cell functions. A
recent study demonstrated that Schwann cells
within the acute injury site or the denervated distal
nerve segments aquire a different cellular behavior
[35], underlining the highly adaptive potential of
Schwann cells to their surroundings. Hence, the
immediate and extended microenvironment of the
wound and/or the forming scar, leading to keloid for-
mation, is likely to be an important determinant for
the unique cellular state of keloidal Schwann cells.
Our study also revealed an important cross-talk
between Schwann cells and macrophages. Macro-
phages are known to significantly contribute to the
stromal milieu by affecting repair processes, tissue
inflammation and matrix remodeling in a macro-
phage subtype-specific manner [30—32]. Whereas
M1-macrophages are pro-inflammatory and matrix-
degrading, M2-macrophages contribute to the com-
position of the ECM [31]. In line with previous publi-
cations [33,34], we mainly detected M2-
macrophages in our keloids. In addition, we identi-
fied one macrophage population with intermediate
M1/M2 gene expression pattern and one subpopula-
tion sharing gene sets specific for M2-macrophages
and fibrablasts. The ability of macrophages to con-
vert into mesenchymal cells is well documented and
IGFBP5, one of the strongest expressed factors in
keloidal Schwann cells, has been shown to support
this process [ 74,79]. Although several genes associ-
ated with epithelial to mesenchymal transition, such
as SNAI1, SNAI2, ZEB1, ZEB2, TWIST1 , were not
detected in this cell population (partly shown in
Fig. 3Q) [80], our data indicate that also macro-
phages in keloids show a high degree of plasticity.
Furthermore, keloidal Schwann cells produce sev-
eral factors able to affect macrophage function. For
example, we detected high levels of TNFAIPG,
IGFBP5 and CCN3 , all known to regulate migration,
activation, and polarization of macrophages
[65—67,74]. In contrast to classical repair Schwann
cells, CCL2 was strongly down-regulated in keloidal
Schwann cells and the overall CCL2 protein level in
keloids was low. As CCL2 is one of the most impor-
tant factors provoking the accumulation of M1-type
macrophages in the wound area [ 68,69], reduced
CCL2 levels might represent a crucial step in the
development and/or persistence of keloids. CCL3

and TNF- a were also down-regulated in keloids. All
three factors together are known to be important for
the production of macrophage-derived MMP9  [70].
Indeed, MMP9 protein production was almost
completely abolished in keloids. Interestingly, lack of
MMPS9 does not only contribute to less degradation
of the ECM, but also affects Schwann cell function,
as MMP9 has been shown to inhibit Schwann cell
de-differentiation and proliferation [81].

Together, we show that keloids contain a unique
Schwann cell population and suggest that the cross-
talk of keloidal Schwann cells and macrophages
may represent an important mechanism, leading to
increased matrix deposition, which could therefore
contribute or be responsible for the infinite growth of
keloids. It is tempting to speculate that intervention
at any point of this cycle might represent a promising
treatment option. Qur study opens a new perspec-
tive on the pathogenesis of keloids, which could sig-
nificantly improve the treatment of this skin disease
in the future.

Methods

Ethical statement

The use of resected skin and keloid tissue has
been approved by the ethics committee of the Medi-
cal University of Vienna (votes 217/2010 and 1190/
2020) in accordance with the guidelines of the Coun-
cil for International Qrganizations of Medical Scien-
ces (CIOMS). Written informed consent was
obtained from all donors.

Sample acquisition

ScRNAseq data of skin and neurofibroma were
publicly available [37,61]. One additional skin sam-
ple was obtained from surplus abdominal skin after
elective abdominoplasty. Keloid tissue samples
were obtained from the earlobe (3 samples) and the
chest (1 sample) after elective therapeutic resection.
(donor information — Supplementary Table §1) Pre-
vious treatment of the area ofinterest by laser and/
or radiation were defined as exclusion criteria. Diag-
nosis and surgical procedure were performed by
plastic surgeons at the Department of Plastic,
Reconstructive and Aesthetic Surgery of the Vienna
General Hospital (Vienna, Austria).

Sample dissociation and preparation of the
single cell suspension

Tissue samples were washed with sterile Dulbec-
co’s phosphate-buffered saline (PBS, without Ca
and Mg*", Gibco, Thermo Fisher Scientific, Waltham,
MA, USA) under laminar air flow. Six mm punch
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biopsies were taken from the intact centre of the
keloid and skin tissues, respectively. Biopsies were
mechanically minced and enzymatically dissociated
in gentleMACS C-Tubes (Miltenyi Biotec, Bergisch
Gladbach, Germany) for 2.5 h at 37 °C using MACS
Miltenyi Whole Skin Dissociation Kit (Miltenyi,). Sam-
ples were further processed by gentleMACS Octo-
Dissociator (Miltenyi,) according to the manufacturer
protocol. Cell suspensions were sequentially passed
through 100 and 40 nm cell strainer and washed
twice with 0.04% bovine serum albumin (BSA, Sigma
Aldrich, 5t. Louis, MO, USA) in PBS. Cell concentra-
tions and viability were assessed by Acridine
Orange/Propidium lodide (AOQ/Pl) Cell Viability Kit
(Logos Biosystems, Anyang-si, Gyeonggi-do, South
Korea) and detected by LUNA-FL ™ Dual Fluores-
cence Cell Counter (Logos Biosystems). In case of
cell viability < 80%, the samples were treated with
Dead Cell Removal Kit (Miltenyi). Cell concentrations
were adjusted to 0.7 —1.2 £ 10° cells/ml. Samples
were kept on ice until further processing. Gel beads-
in-emulsion (GEM) were generated within 4 h after
tissue resection.

Single cell processing and library preparation

GEM generation, barcoding, sample clean-up,
¢DNA amplification, and library construction were
performed according to manufacturers protocol
using Chromium Next GEM Single Cell 3 GEM,
Library & Gel Bead Kit v3.1, Chromium Next GEM
Chip G Single Cell Kit, and Single Index Kit T Set A
(all 10x Genomics, Pleasanton, CA, USA).

Sequencing and matrix preparation

RNA-sequencing, demultiplexing, and counting
were carried out by the Biomedical Sequencing
Facility (BSF) of the Center for Molecular Medicine
(CeMM, Vienna, Austria). Samples were sequenced
paired end with dual indexing (read length 75bp) in
foursome pools using a HiSeq 3000/4000 (llumina,
San Diego, CA, USA). Raw data were aligned to the
human reference genome (GRCh38) and counted
by the Cellranger pipelines (Cellranger v3.0.2,
except skin 7 v5.0.1, 10x Genomics).

Bioinformatical analysis

Bioinformatics analyses were performed using R
(R v4.0.3, The R Foundation, Vienna, Austria), R-
studio and Seurat (Seurat v4.0.0, Satija Lab)  [82].

All included data sets were aligned by features.
Only features detected in all datasets have been
included, feature doublets have been excluded and
feature names unified. Quality of all single cell data
was determined and cells with unique feature
counts > 300 and < 2500 and < 5% mitochondrial
counts were included in  our analyses

(Supplementary Fig. 18). Data were pre-processed
by sctransform-normalization supported by the
glmGamPoi package and integrated according to
Seurat Vignette [ 83,84]. PCA and UMAP were cal-
culated. All subset analyses have been performed
as new calculation based on the raw data of the cells
ofinterest. For cell type identification, clustermarker
features were calculated and well-established
marker genes were chosen to verify the assignment
(marker genes information — Supplementary Table
$2). Pseudotime-trajectory calculation was per-
formed using Monocle3 (Monocle3, v.0.2.3.0, Trap-
nell Lab) [85-—-89]. The S4 objects of class Seurat
were converted to a cell_data_set_object keeping
the generated UMAP. Thereby, the principal graphs
were calculated based on the cell distribution gener-
ated in Seurat. The correlations of the transcriptomic
expression pattern of all detected Schwann cells
were high enough to form one partition. A total of 20
graph centers (skin-keloid) and 40 graph centres
(skin-keloid-NF1) was determined. The Schwann
cell cluster of skin samples was defined as the root
for pseudotime calculations. Expression changes
along the trajectory were calculated for Schwann
cells from intact skin to keloids. Gene ontology (GO)
enrichment analysis was performed based on gene
lists of clustermarker calculations and differentially
expressed gene calculations. Only genes above an
average foldchange of 2 were included. In case of
less than 15 or more than 100 genes with an aver-
age foldchange cut-off of 2 or higher, an average
foldchange-threshold of 1.5 and 3 was set, respec-
tively. For enrichment analysis, Metascape [ https://
metascape.org ] was used [90]. A p-value cutoff of
0.05 and a minimum enrichment score of 2 was set.

Immuno fluorescence

For cryopreservation, tissues were washed with
PBS and fixed in 4.5% formaldehyde solution, neu-
tral buffered (SAV Liquid Production GmbH, Flints-
bach am Inn, Germany) for 24 h at 4 °C. Specimens
were washed with PBS for 24 h and dehydrated by
sequential incubation with 10, 25, and 42% succrose
for 24 h each. Tissues were snap-frozen in optimal
cutting temperature compound (OCT compound,
TissueTek, Sakura, Alphen aan den Rijn, The Neth-
erlands) and stored at -80 °C. Ten  nm sections were
cut using a cryotome (Leica, Wetzlar, Germany) and
dried for 30 min at room temperature. Cryosections
were immersed in PBS followed hy blocking and
permeabilization with 1% BSA, 5% goat serum
(DAKO, Glostrup, Denmark), and 0.3% Triton-X
(Sigma Aldrich) in PBS for 15 min.

For paraffin embedding, tissues were washed with
PBS and 6 mm punches were obtained. Biopsies
were cut in a half and each part was fixed in 4.5%
formaldehyde solution overnight and embedded in
paraffin. After de-paraffinization and hydration,
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sections were boiled in Target Retrieval Solution
(DAKQ) using a 2100 Antigen Retriever (DAKQ) fol-
lowed by three washes with PBS for 5 min.

Antibody details, dilutions, and incubation times
are listed in Supplementary Table S3. A washing
step consisted of three washes with PBS for 5 min
and was performed after each antibody incubation
step.

If stained for S100 (DAKO), primary antibodies
were diluted in the ready to use 5100 antibody solu-
tion. For the other staining, antibodies were diluted
in the antibody staining solution containing 1% BSA
and 0.1% Triton-X in PBS. Sections were incubated
with secondary antibodies for 1 h and nuclear stain
was performed by adding 50 mg/mL 4,6-diamidino-
2-phenylindole (DAPI, Thermo Fisher Scientific) in
PBS for 2 min. Sections were embedded in mount-
ing medium (Fluoromount-G, SouthernBiotech, Bir-
mingham, AL, USA) and stored at 4 °C. Micrographs
were acquired with a confocal laser scanning micro-
scope (TCS SP8X, Leica) equipped with a 10x (0.3
HCPL FluoTar), a 20x (0.75 HC-Plan-Apochromat,
Multimmersian), a 20x (0.75 HC- Plan-Apachromat)
and a 63x (1.3 HC-Plan-Apochromat, Glycerol)
objective using Leica application suite X version
1.8.1.13759 or LAS AF Lite software (both Leica).
Confocal images are depicted as maximum projec-
tion of total z-stacks. All staining were performed on
cryo- as well as paraffin-preserved tissue samples.

Multiphoton microscopy

Six mm punch biopsies were processed for cryo-
preservation as described above. Whole biopsies
were cut in vertical tissue sections of 100  nm thick-
ness. Immunofluorescence was performed as
described above with an overnight incubation of the
first antibodies and 2 h ofincubation of the second-
ary antibodies. Permeabilization and washing peri-
ods were doubled. Images of dermal sheets were
obtained as described above. 3D movies were cre-
ated using Leica Application Suite X (LAS X, Leica).
For combined imaging of IF staining with SHG
microscopy, samples were sequentially incubated
with S100 (DAKO) and goat a-rabbit Alexa Fluor
647 (#A32733, Invitrogen). Stained tissue sections
were placed onto a microscope slide and sur-
rounded by a barrier ofindustrial grease (Dow Corn-
ing, Ml USA). The well was filled with 1x PBS and
sealed with a borosilicate cover glass (Paul Marien-
feld, Lauda-Koenigshofen, Germany). For image
acquisition, an upright multiphoton microscope
(FluoView FVMPE-RS multiphoton system, Olym-
pus, Tokyo, Japan) equipped with a 25x water
immersion objective (n.a. = 1.05; WD 2 mm) for mul-
tiphoton excitation with infra-red (IR) laser light was
used. A MaiTai IR laser at a wavelength of 880 nm
was used to generate SHG signals and signals were
detected between 426 —477 nm with a non-

descanned transmission GaAsP (NDD) PMT detec-
tor, Simultaneously, S100-AF647 was excited with
an InSight IR laser (1200 nm) and fluorescence
emission was detected between 660 —750 nm with a
reflection NDD PMT detector. Laser light was split
before detection with a dichroic mirror (SDM 570). z-
stack images (512 £ 512 pixel of 509 £ 509 mm) of
approximately 100 mm depth (z, 2 mm slices) were
captured for all samples. Images were analyzed and
3D projections were generated with FiJi (Image)2,
Dresden, Germany) [91].

Enzyme-linked immunosorbent assay (ELISA)

Skin- and keloid-derived proteins were quantified
by ELISA. 6 mm punch biopsies were collected and
cryopreserved at -80 °C until further processing. Tis-
sues were lysed in 0.5 ml of 0.1% Triton X in PBS
and homogenised (Precellys 24 Homogenisator,
Bertin Instruments, Montigny-le-Bretonneus,
France). Homogenization was repeated after over-
night incubation at 4 °C. Sample were centrifuged
for 15 min at 13,000 g and supernatants were used
for protein guantifications. Total Protein amounts
were determined using Micro BCA ™ Protein Assay
Kit (Thermo Fisher Scientific) according to man-
ufacturers protocol. CCL2, MMPS, CCN3, and
GAS6 concentrations were determined using com-
mercially available ELISA kits as recommended by
the manufacturer (Human CCL2/MCP-1 Quantikine
ELISA Kit, Human MMP-9 DuoSet ELISA Kit,
Human NOV/CCN3 DuoSet ELISA Kit, and Human
GAS6 DuoSet ELISA Kit (all R&D Systems, Minne-
apolis, MN, USA).

Statistical analyses

For statistical evaluation, GraphPad Prism 8 soft-
ware (GraphPad Software Inc, La Jolla, CA, USA)
was used. Normal distribution within a group was
tested by Shapiro-Wilk test. Comparison between
two groups with normal distribution was performed
with paired t-test. Independent groups without nor-
mal distribution were compared by Mann-Whitney-
U-Test. Asterisks were used to mark  p-values:
*n < 0.05,**p < 0.01,*p < 0.001, ***p < 0.0001.
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accessible through GEP series accession number
GSE181316 after publication. Acquired scRNAseq
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NCBI 5 Gene Expression Omnibus (GEQO) through
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Supplementary Figure 2
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UMAP 2

Supplementary Figure 3
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Supplementary Figure 4
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Supplementary Figure 5

Top 10 Top 10
SELE IGFBPS
TM4SF1 5100B
1ICAM1 PTN
STC1 PMEPA1
ACKR1 S100A4
NFKBIA TNC
CD74 TNFAIP6&
C2CD4B SEMA3C
ADGRL4 PTPRZA1
ARHGAP29 CDH19
I I
I I
> ’ |
o 116 '
SC-Prolif 85
L SC-Promyel .
. o
A. 32
. EC + LEC
SC-Keloid  SC-Skin
A
Y
M pEG- UP FC>=2
B DEG- Down FC »=2
SELE S100B SELE_S100B Color threshold: 0.5
10.0
31 .
75
o~ . @
% 0] e S
= = B0
: [ ]
_3 -
251
‘.
_6 - b
8 -4 0 4 2 4 6 8 10
UMAP_1 UMAP_1 UMAP_1 SELE

62




Supplementary Figure 6
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Supplementary Figure 7
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Supplementary Figure 8
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Supplementary Figure 9
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Supplementary Figure 10
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Supplementary Figure 11

(A) Matrix-associated gene expression_ all cells

CCN3

COL1A1

COL3A1

COL4A1

COL4A2

COL5A1

COL5A2

COL7A1

[] [ @ @ ] T [ ]

= 10.04 & 10.04 i o 10.04 T o 10.04 & 10.04 o 10.04 F 10.04 F 10.0

- 759 - 754 - 759 = 25 - 754 - 759 = 751 L. - 759

5 5o = 5 5 e 5 BBl S Bl e 8

g 5.0 2 5.04 3 5.0 3 5.0 3 5.0 3 5.0 2 5.0 3 5.0

g 2.54 qg_ 254 g 254 g 254 g 254 g 2.5 1::| g 254 g 25

& 0.04 = 0.0 5 0.01 m 0.0 5 0.01 m 0.01 L>u< 0.04 Lﬁ 0.0
&P & g & @b s & & & o o &GP & S
£ ¢ £ £ FF £ & F & £ § &

e COLBA1 _ COL12A1 _ COL18A1 _ ELN - IGFBP3 IGFBPS TNC _ TGFBI

@ @ @ @D it} @© @ fub]
§ 10.04 § 10.04 § 10.04 § 10.04 § 10.04 § 10.04 § 10.04 é 10.0
< 78 = P4 S < 75 . < 7.5 c 754 < 7.5 = 754 < 78
g 5.04 D_m‘ 5.04 g 5.04 g 5.04 ?’ 5.0 g 5.0 g 5.04 g 504 ——
& 25 3 254 3 25 8 25 & 254 8 25 8 25 8 25
E 004 u% pgl=== L% soi=== I% 00l=== u% 1gl=== L% === L% === u% 1p{===
& &8 &P & P &P & P &P & P
& E 8 E 8 . & 9
(B) ECM_Glycoproteins
IGFERE] ¢ ® CEECEE WING2 . ZF3
IGFEPZ{ + ® @+ o+ @+ . . - NTNG1 . . D M - -
IGFALE] + = = o o« L . . . NTNG . .. . WNE . e - .
Haenz] « o . 0 . e . . B [T AP “ Oy . wicE EE . 1
HMGH1{ « &« <« = & . CONE . . NIMIg « 0« o R Ed WMASET . . L . .
GLDN] = = = . [ . NPHT w4 B . viasa] N . . oo .
e T T I S (153 IR . R vwaza - oo .
ERAS S mizn oo o4 x w m m bienievn . . [T . s pom o sz < s - »
FHDCT + & o . o W3 . . . . . NELL2{ .. g a . - .

FN1{e @ « @ e ow - - . . . s . - K &%

FoLz{ & - - . - N B Y - . - - . - . -

[t I X W i 3 a BeEE R R R R 83 E

FENI{® @ - & - ¢ o o+ - s s . i B Ceme

e Vi e R B I I : =

FBLNS - . - - . . . . L - - E -8 N
FELNZ . o . . - - . . - . . .. - . ) -
FBLH1 e e e 2 OE g FElE = u HEFRSE T Fla LA -

eve] . : . . & e !

EMILINZ] + + . . MFARZY ¢+ ® . ‘o - . P . . .
EMiLMz{ « . . P SR MRARIq+ o o B et W & e AR R OH R e W ;
EMILINI{ = ® = = . . - .. . . WATNA 4 v + . . o e L3 . - . . . - LI A .
EMIDI{ » = . . ] RIATIG Ll ¥ LR . . . . . . -

e T T O I e e . . N TEE .o ' TR ‘ Parcent Expressed
Eoman] - e e e e . . B T R o F oo . . S o
CrEMPz]{ @ @ « o - 5 N H LTordd @ - - . Z .- - .
EFEMP1{ ® & - . - . . LTEFG] & + = = ® # = * ® . ; 5_)(;

oz - m - - ¥ - i = W 5 LTEF2{ - =« . . - - .- - - .. . .. .

oMzl e s ow ¥ : T & % ] LTBFI] » o & = 3 - . - i 5 Tt 5 i e Averags Exprassion

omif{e e -0 00l o 5w WO mmmeen LRt . 0 S . . e . e 2

o : 3 iPw foE i [PE7H R . . PRI sEcn2 &, 3 .8, enand e e & 2 el B

DPT R R - . . - - Lo - ¥ . . Y o & ERARGLI . . . - . o

oMA1 + - s CE . . . . . Leng - . . . . - SPARC TN ) - . - -1
CTHRG1{ @« @ * = + o o ® L] - - - .o - LAMGA] = e S e e . SNEZI] » 4+ 4 o s oa . i 2
CRISFLD2{ = o & ® + =« = . . CEE ) .. LAMC a 2 4 e s . e EMOC2{ e = o= ow L -

CRISPLDT [ BRI - . . L2 LAMGT] = = = & I BT Y . . EMeC1] - - LR

e AT I . s e S I e e amle s e . . .
cretozd e e e e 0w e e t e e S e e e e Y . . ]
CRELD1{ = = » ; & . . LAMB1q + # - 8 e @ . s - SBIPONY ¢ . .

COMP{ + @ . - - . . LAMAS B CRE .- - REPCE -

coLaq - - LAbALY & & & & - EEE BN ) - 8 . REPOG{ - - . - .

COTH] = = AWAT DR e e . . RS04 = . .o

P . B . RELW{ + - - - . i

CLF{ s » LA PXDN{ + » - e e s e . -
BUPER] « - - . ANCST . Y MEIN{e @ - v s & - @ . . . - - . .
BaLAR] - .. . 1567107« > POMZPI] - 4 . c e B .

AoRNl e 0 e e e e Cen e e IGFEFT{ @ ® PLOLGE . e . e
AERP1{ {0 @ % @ - . L] . . . = LS 3 - IGFEPE - PCOLGE .. LA} . L] - LR} .
ADIPOQ] + - - - » + " » 4 IGFBPS - FRPLNA + - . . .
ABIMSF] @ IGFRPL L] OTOSE, - . .
H £: E 2
o o2 5 2
= g Y ¥
Proteoglycans Collagens

VCAN] @ @ . . . . . . e < - -

sRGH . . esecee : Tt
sPockad - - - o . .o
sPocki{ « o s .

rrea] « - P .

PRGZ] - b
p;;:ﬁ s " ®® | Average Expression ool ik A R Ao

FODN] ® . . . z ¥ A o ’

annd - A 7 : ‘ td s D . :

(_jlj:. : i 2 : W o f‘ . . : - . | Percent Exorasssd

KERAA] « - . - . ¥ e =0
HsR2] s @ . . P G e Percant Sxpressed SoLii] 1 e e |em
HAPLNE] « = o o .. . . -1 oL, 2 ; iy
HARLKZ- . e . . s 25 COL3AZ- .

oD s o o . 5 & | w0 - Auerage Frpresson

L Bl an .| ®= v S s A

ocH @@ = & = & = o . - . x . 1 . -
cHapL{ < = - . . . . . . 2 J 1 2

ESH{s & » & . . - . . . . ] ; : - . 2 o

BOAN] - - - - «8 - - 5 : H &

AZPN] - @ = . . . . . . . -

ATAN L . &

LT : = A
§ 2 e ¥ £ S o
it e E: P i
= i el & [ (]
Jew:
OL2a g e

FR_skin

o
x
i

68



Supplementary Figure 12
(A) ECM_Regulators
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Supplementary Figure 13
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Supplementary Figure 14
(A) Inflammation-associated gene expression_ all cells
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Supplementary Figure 15
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Supplementary Figure 16
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Supplementary Figure 17
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Supplementary Figure 18
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Supplementary Table 1 — donor information

Type ID Site Age Sex Race Source
normal skin skin_1 Forearm 63 Male Caucasian Tabib!
normal skin skin_2 Forearm 54 Male Caucasian Tabib!
normal skin skin_3 Forearm 66 Female Caucasian Tabib?
normal skin skin_4 Forearm 23 Female Asian Tabib!
normal skin skin_5 Forearm 62 Female Caucasian Tabib!
normal skin skin_6 Forearm 24 Male Caucasian Tabib?
normal skin skin_7 Abdomen 33 Male Caucasian Direder

Keloid keloid_1 Sternum 36 Female Caucasian Direder

Keloid keloid_2 Earlobe 60 Female African Direder

Keloid keloid_3L Earlobe - left 34 Male Caucasian Direder

Keloid keloid_3R Earlobe -right 34 Male Caucasian Direder
normal scar scarl Abdomen 26  Female Caucasian Direder
normal scar scar2 Abdomen 43  Female Caucasian Direder
normal scar scar3 Abdomen 60 Male Caucasian Direder

Supplementary Table 1. donor information.

Tabib, T., Morse, C., Wang, T., Chen, W. & Lafyatis, R. SFRP2/DPP4 and FMO1/LSP1 Define Major
Fibroblast Populations in Human Skin. J Invest Dermatol138, 802-810, doi:10.1016/].jid.2017.09.045
(2018).



Supplementary Table 2 - marker genes information

celltype abbreviation marker gene
Fibroblast FB PDGFRAL, LUM?, COL1A134, DCNY, FBLN1?
Smog:l;:;il,lcs\;l: cell SMC/PC ACTAZ* RGS5245
Keratinocyte KC KRT10% KRT1%%, KRT14%% KRT5®
Endothelial cell EC SELE?, VWF®
Lymphatic LEC

VWEF, LYVE1?*
Endothelial cell

T-cell TC CD3D*’, CD2° CXCR4%
Macrophage MAC CD68%, AlF1?
Dendritic cell DC AlIF1?, FCER1A™®
Schwann cell e S100B*, NGFR*?
Melanocyte MEL PMEL?®, MLANA®
Erythrocyte ERY HBB’, HBA1’

Supplementary Table 2. marker genes information.

IMuhl, L. et al. Single-cell analysis uncovers fibroblast heterogeneity and criteria for fibroblast and mural cell
identification and discrimination. Nat Commun11, 3953, doi:10.1038/s41467-020-17740-1 (2020).
2yorstandlechner, V. et al. Deciphering the functional heterogeneity of skin fibroblasts using single-cell RNA
sequencing. Faseb j 34, 3677-3692, doi:10.1096/fj.201902001RR (2020).

3Tabib, T., Marse, C., Wang, T., Chen, W. & Lafyatis, R. SFRP2/DPP4 and FMO1/LSP1 Define Major Fibroblast
Populations in Human Skin. J Invest Dermatol138, 802-810, doi:10.1016/j.jid.2017.09.045 (2018).

*Wolbert, ). et al. Redefining the heterogeneity of peripheral nerve cells in health and autoimmunity. Proc Natl
Acad Sci U S A117, 9466-9476, doi:10.1073/pnas.1912139117 (2020).

*Voigt, A. P. et al. Single-cell transcriptomics of the human retinal pigment epithelium and choroid in health and
macular degeneration. Proc Natl Acad SciU S A116, 24100-24107, doi:10.1073/pnas.1914143116 (2019).
SFinnegan, A. et al. Single-Cell Transcriptomics Reveals Spatial and Temporal Turnover of Keratinocyte
Differentiation Regulators. Front Genet10, 775, doi:10.3389/fgene.2019.00775 (2019).

"Saichi, M. et al. Single-cell RNA sequencing of blood antigen-presenting cells in severe COVID-19 reveals multi-
process defects in antiviral immunity. Nat Cell Biol 23, 538-551, doi:10.1038/s41556-021-00681-2 (2021).
®Elsner, R. A., Ernst, D. N. & Baumgarth, N. Single and coexpression of CXCR4 and CXCRS identifies CD4 T helper
cells in distinct lymph node niches during influenza virus infection. J Virol 86, 7146-7157, doi:10.1128/jvi.06904-
11 (2012).

*villani, A. C. et al. Single-cell RNA-seq reveals new types of human blood dendritic cells, monocytes, and
progenitors. Science356, doi:10.1126/science.aah4573 (2017).
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Supplementary Table 3 - antibody information

1% Antibodies

Antigen
$100

NGFR
NGFR
SOX10
Nestin
Ki67
MBP
CD31
IGFBP-5
JUN
CD90
PGP9.5
vimentin
SMA
NFpan

CD68

Antigen
a ch DL650
arb AF488
o ch AF488
o rb AF594
o ms AF594

o g AF546

arb AF647

Species
rabbit

mouse
rabbit
mouse
mouse
rabbit
mouse
mouse

goat

rabbit
mouse
mouse

chicken
rabbit
mouse

mouse

Species
goat
goat
goat
goat

donkey

donkey

goat

catalog No
#0311

#sc-13577
#8238
#sc-365692

#MAB5326

#NB500-170

#ab62631
#M0823
#AF875-SP
#9165S
# 550402
#7863-1004

#AB5733

#14395-1-AP

#MO0762

#333809

catalog No

#SA5-10073
#A32731
#A-11039
#A11012
#A21203
#A11056

#A32733

company
DAKO

SantaCruz
CellSignaling
SantaCruz
Millipore
Novus
Abcam
DAKO
R&D

CellSignaling

BD Pharmingen

BioRad

Merck Millipore

Proteintech
DAKO

BioLegend

company
Invitrogen
Invitrogen
Invitrogen
Invitrogen
Invitrogen
Invitrogen

Invitrogen

dilution
ready to use

1:100
1:300
1:33
1:200
1:50
1:300
1:20
1:50
1:300
1:50
1:250
1:300
1:200
1:100

1:50

dilution
1:400
1:600
1:400
1:400
1:400
1:400

1:400

comment
4 hr, RT

o.n., 4°C
4 hr, RT
o.n., 4°C
o.n., 4°C
o.n., 4°C
o.n., 4°C
4 hr, RT
o.n., 4°C
4 hr, RT
4 hr, RT
o.n., 4°C
4 hr, RT
4 hr, RT
o.n., 4°C

o.n., 4°C

2" Antibodies

comment
1hr, RT
1 hr, RT
1 hr, RT
1 hr, RT
1 hr, RT
1hr, RT

2 hrRT
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2.2 Interlude

In the first study, we explored the keloidal Schwann cells with their pro-fibrotic expression
pattern in keloids.

In the second study of this thesis, we verified the tissue specificity of keloidal Schwann cells
in independent datasets of healthy skin, normal scars, keloids and skin adjacent to keloids
generated by four independent research groups. Furthermore, we aimed to allocate the
keloidal Schwann cells in the lineage development of so far described Schwann cell

subtypes.

79



SBMVIB

Karea oty b iz dy v Mokeeudar Biokogy

ARTICLE OPEN

www.nature.com/emm

W) Check for updates

The transcriptional profile of keloidal Schwann cells
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Recently, a specific Schwann cell type with profibrotic and tissue regenerative properties that contributes to keloid formation has
been identified. In the present study, we reanalyzed published single-cell RNA sequencing (scRNA-seq) studies of keloids, healthy
skin, and normal scars to reliably determine the specfic gene expression profile of keloid-specific Schwann cell types in more detail.
We were able to confirm the presence of the repair-like, prcfibrotic Schwann cell type in the datasets of all three studies and
identified a specific gene-set for these Schwann cells. In contrast to keloids, in normal scars, the number of Schwann cells was not
increased, nor was their gene expression prdile distinctly different from that of Schwann cells of normal skin. In addition, our
bioinformatics analysis provided evidence for a role of transcription factors of the AP1, STAT, and KLF families, and members of the
IER genes in the dedifferentiation process of keloidal Schwann cells. Together, our analysis strengthens the rcle of the préibrotic
Schwann cell type in the formation of keloids. Knowledge of the exact gene expression prdile of these Schwann cells will facilitate

their identification in other organs and diseases.

Experimental & Molecular Medicinmehttps://doi.org/10.1038/s12276-022-00874-1

INTRODUCTION

Schwann cells are glial cells of the peripheral nervous system and
ensure proper nerve development and integrity, After peripheral
nerve injury, mature Schwann cells undergo transcriptional
reprogramming that involves dedifferentiation into an immature
cell state and the acquisition of repair-specfic functions””. These
repair Schwann cells are essential to orchestrate nerve regenera-
tion by attracting immune cells to the site ofinjury, phagocytosis
of myelin debris, secretion of neurotrophic and neuritogenic
factors and formation of regeneration tracks (Bungner bands) to
stimulate and guide regrowing axons'. Dedifferentiation into repair
Schwann cells has been shown to involve the expression and
activation of a variety of speciic factors®, including JUN, STAT3,
BDNF, ARTN, IGFBP2and GDNF'. In particular, OLIG1 and SHH have
been suggested as specific markers for Schwann cell repair®,

In healthy skin, Schwann cells persist in myelinating and
nonmyelinating states'. Recently, Parfejevs et al. provided
evidence that Schwann cells contribute not only to the regenera-
tion of the nerve but also to dermal wound healing by
proliferating and emanating from the disrupted nerve. These
skin-derived repair Schwann cells populate the damaged area,
where they support the differentiation of fibroblasts into
myofibroblasts and promote weund centraction and closure as
well as re-epithelization®. After the completion of neuronal
regeneration and wound healing, skin repair Schwann cells
redifferentiate into their adult state and ensheath the restored
axons’. Ideally, the entire healing process results in an asympto-
matic, fine-lined, flat scar.

Abnormal scars, such as hypertrophic scars or keloids, can result
in serious health problems, including movement restrictions,

persistent itch, and pain®''. Keloids represent a special type of
scar characterized by tumor-like continuous growth beyond the
margins of the original wouncf. They exclusively develop in
humans, and the lack of adequate model systems complicates
basic research into their pathogenesis>'>. Therefore, despite
several decades of research, the exact mechanistic events driving
keloid formation remain largely unclear'?,

The recent development of single-cell RNA sequencing (ScCRNA-
seq) enables a completely new approach to decode disease
pathomechanisms. To date, three research groups have applied
scRNA-seq to study keloid tissue at the cellular and transcriptional
levels. Liu et al. compared the center of keloids with adjacent skin.
These researchers identified wvarious dysregulated genes and
pathways in keloidal fibroblasts and endothelial cells and revealed
TWIST1 as an important factor in keloidal fibragenesis'®. Deng
et al. applied scRNA-seq to compare keloids with normal scars °.
This group subdivided keloidal fibroblasts into four major groups
and identified an increase in extracellular matrix (ECM)-preducing
mesenchymal fibroblasts in keloid tissue. Whereas these studies
focused on fibroblasts and endothelial cells, a recent study by our
group demonstrated that keloids contain an increased number of
phenotypically distinct Schwann cells'”. The vast majority of these
keloidal Schwann cells displayed a cellular state comparable to
that described for Schwann cells in regenerating nerves'’, Our
additional finding that these Schwann cells expressed multiple
genes associated with matrix formation makes them highly
plausible candidates for playing a crucial role in the development
of keloids'”.

Owing to donor variabilities, differences in sample preparation
and data processing, scRNA-seq studies are not always
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straightforwardly comparable'®?'. For more consistent data,

individual datasets from different laboratories should be re-
evaluated in a combined analysis, as previously shown for skin
fibroblast populations”, This study clearly demonstrated that,
despite differences in the experimental procedures, major
similarities among all fibroblast populations are conserved across
the scRNA-seq datasets published by the different laboratories.
Studies on the comparability of smaller cell clusters, such as
Schwann cells, in scRNA-seq datasets are thus far not available.

Here, we performed a comparative analysis of Schwann cells in
different scRNA-seq datasets of healthy skin, normal scars, keloids,
and keloid-adjacent skin from four independent research groups
to elucidate the gene-set most reliably identifying the keloidal
Schwann cell population. In addition, we compared two distinct
bioinformatics approaches for the analysis of numerous different
scRNA-seq datasets, revealing significant variations in the two
calculation methods. Our study shows that the presence of the
previously described repair-like, prdfibrotic Schwann cells in
keloids is indeed conserved across different scRNA-seq datasets
and provides a specific expression pattern for keloidal Schwann
cells. Thus far, unrecognized cells might represent a novel,
potential target for keloid treatment.

MATERIALS AND METHODS

Data acquisition

In this study, scRNA-seq datasets of 6 healthy skin, 6 normal scar, 11 keloid
and 4 keloid-adjacent skin samples were analyzed (Fig.1a). ScCRNA-seq data of
normal scars and keloids have already been generated by Direder et al. and
were deposited in NCBI's Gere Expression Omnibus (GSE181316)'7. Skin data
published by Tabib et al. (2018) were downloaded from https://dom.pitt.edu/
wp-content/uploads/2018/10/5kin_6Control_rawUMI.zip and https://dom.pitt
.edu/wp-content/uploads/2018/10/Skin_6Contrcl Metadatazip'®. ScRNA-seq
data of keloids and normal scars geneated by Deng et al. were downloaded
from the Gene Expression Omnibus database (dataset GSE163973)°.
Transcriptomic data from Liu et al. were downloaded from the Genome
Sequencing Archive (BioProject PRICA003143]'°. Count tables were obtained
from the original fastq read files applying the CellRanger pipeline (10X
Genomics CellRanger 3.0.2, Pleasonton, CA, USAF>,

Data processing

Computational analyses were performed utilizing R and R Studio (version
4.0.3, The R Foundation, Vienna, Austria). All features of the included
datasets were screened, and doublets were removed, The feature
designation was harmonized, and only features detected in all datasets
were included in subsequent analyses. Datasets were transformed into a
Seurat object using Seurat (Seurat v4.0.1, Satija Lab}’q. Sctransform
normalization in combination with the glmGamPoi package and removal
of the mitochondrial mapping percentage were applied to preprocess the
data™?%, Erythrocytes were excluded by removing cells with a hemoglobin
subunit beta (HBB) expression >5. For this study, the included datasets
were combined all together and individually by source and tissue type (Fig.
1b). All dataset combinations were processed according to the Seurat
Vignette. Principal component analysis (PCA), uniform manifold approx-
imation (UMAP) and projection dimensionality reduction were applied
according to the Seurat protocol. Clusters were identhied as cell types
according to their expression of well-established marker genes’, Schwann
cell clusters were subsetted, and data were preprocessed and calculated in
the same way as described above. The commands "RunUMAP" and
“FindNeighbors” were performed on 30 dimensions, and “FindClusters”
was applied with a resolution of "0.3". Subset clusters expressing marker
genes typical for melanocytes were removed. Schwann cells were
characterized by the expression of established marker genes .
Differentially expressed genes were defined as genes displaying an
average fold change >2. The SC-Keloid-specfic gene expression pattern
was identified by examination of SC-Keloid against all myelinating and
nonmyelinating Schwann cells of all dataset combinations (Supplementary
Tables 1-5). From these lists, the top 100 upregulated genes were
compared, and only genes included in all gene lists were selected as
members of the SC-Keloid gene expression pattern. Genes without a clear
demarcation from the myelinating and nonmyelinating Schwann cells
were excluded. Gene Ontology (GQ) enrichment analysis was performed

SPRINGER NATURE

using Metascape with 0.05 as the p-value cutoff and 2 as the minimum
enrichment score™, Only corresponding GO terms with “Summary” Group
ID are shown. For pseudotime analysis, the Schwann cell clusters from all
single calculated datasets were combined and preprocessed in the same
way, As normal scar datasets from both sources revealed no Schwann cell
cluster, these datasets were excluded from the pseudotime analysis. The
commands “RunUMAP” and “FindNeighbors” were performed on 18
dimensions, and “FindClusters” was applied with a resolution of 0.5.
Monocle3 (Monocle3, v.0.2.3.0, Trapnell Lab, Seattle, Washington, USA) was
used to create the pseudotime trajectory’®™**, The principal graph was not
pruned, and a total of 7 centers were determined. The generated
Metascape lists were matched, and only -log10(p) values of terms
identified in all lists were pictured together with their arithmetic mean.
For identification of upregulated genes specific for the branching point in
the combined Schwann cell object, the command “Findmarkers” was
executed, comparing the newly identhied Seurat cluster located at the
branching point against all remaining Schwann cells. Potential interactions
of Schwann cells at the branching point or of Schwann cell subtypes in
keloids and healthy skin were analyzed using CellChat™,

Sequencing data juxtaposition to the gene expression pro  file
of peripheral nerve regeneration

The human homologs of the gene list published by Bosse et al? were
identified using the GenBank accession number and the website UniPrat
(https://www.uniprot.org) accessed on 2021-10-18), Relative expression
levels were identified using the command "FindMarkers” with SC-Keloid as
ident.1 and the myelinating and nonmyelinating cluster as the opposite ident.
A min.pct of 0.01 and a logfc.threshold o 0.01 was set. Expression changes
<0.01 were set as 0. Significantly regulated genes published by Bosse et al.
were identified in our list of differentially expressed genes, and expression
levels were colored corresponding to the color code by Bosse et al.

Collagen alignment examination

Hematoxylin and eosin staining of healthy skin, normal scar, and keloid
samples was imaged. Alignment of collagen bundles was determined by
applying Curvealign V4.0 Beta (MATLAB software, Cleve Moler, MathWorks,
Natick, Massachusetts, USA). Collagen color, contrast and brightness were
edited by Adobe Photoshop CS6 (Adobe, Inc., San Jose, CA, USA). The
region ofinterest (RO} was de fined by size (256 height, 256 width), and
four ROIs per condition were analyzed. The coeficiency of alignment was
statistically evaluated.

Immuno fluorescence

Tissue samples were fixed in neutral buffered 4.5% formaldehyde (S5AV
Liquid Production GmbH, Flintsbach am Inn, Germany) at 4 °C overnight,
followed by a washing step with phosphate-buffered saline (PBS)
overnight. Dehydration was perfermed by sequential incubations with
109, 25%, and 42% sucrose for 24h each. Tissues were embedded in
optimal cutting temperature compound (OCT compound, TissueTek,
Sakura, Alphen aan den Rijn, The Netherlands) and stored at —80°C.
Samples were cut into 10 um-thick sections and dried for 30 min at room
temperature. Slides were blocked and permeabilized for 15 min with 1%
BSA, 5% goat serum (DAKC, Glostrup, Denmark), and 0.3% Triton-X (Sigma
Aldrich, St. Louis, MO, USA) in 1x PBS. Sections were incubated with
primary antibody solution overnight at 4°C followed by three washing
steps with 1x PBS for 5 min each (Supplementary Table 6). Sections were
incubated with secondary antibodies and 50 ug/ml 4,6-diamidinc-2-
phenylindcle (DAPI, Thermo Fisher Scientfic, Waltham, MA, USA) in 1x
PBS for 50 min at room temperature. After three washing steps, sections
were covered using mounting medium and stored at 4 °C. Images were
acquired using a confocal laser scanning microscope (TCS 5P8X, Leica,
Wetzlar, Germany) equipped with a 10x (0.3 HCPL FluoTar), a 20x (0.75 HC-
Plan-Apochromat, Multimmersion), a 20x {0.75 HC- Plan-Apochromat) and
a 63x (1.3 HC-Plan-Apochromat, Glycerol) objective using the Leica
application suite X version 1.8.1.13759 or LAS AF Lite software (both
Leica). Final images constitute a maximum projection of total z-stacks.

Statistics

Statistical evaluation was performed using GraphPad Prism 8 software
(GraphPad Software Inc., La Jolla, CA, USA). The ShapirdWilk test was used
to test for normal distribution. One-way ANOVA with Tukeys post-hoctest
was used to compare three and more groups, p-values are marked with
asterisks: *p< .05, **p < 0.01, ***p< 0,001 ****p < 0.0001.
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HEALTHY SKIN NORMAL SCAR

TT1 | TT2 [ TT3 | TT4 | TT5 | TTé6 CCD1 | CCD2 [ CCD3 | MD1 | MD2 | MD3

KELOID + adjacent SKIN

. . adjacent skin

XL1 | XL2 | XL3 | XL4 [CCD1|CCD2 | CCD3 | MD1 | MD2 | MD3 | MD4

s = skin data set .=TracyTabib et al. [DOI: 10.1016/}jid.2017.09.045] .= Cheng-Cheng Deng et al. [DOI: 10.1038/s41467-021-24110-y]
as = adjacent skin data set

ns = normal scar data set .= Xuanyu Liu et al. [DOI: 10.1016/}jid.2021.06.010] . = Martin Direder et al. [DOI: 10.1016/].matbio.2022.03.001]
k= keloid data set
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Fig. 1 Graphical scheme of the included datasets and bioinformatics method overview. a Schematic illustration of the regional sampling

point of every dataset. b Synoptical chart of all dataset combinations included in this study with links for each respective figure. Skin (s),
adjacent skin (as/aSkin), normal scar (ns/nScar), keloid (k); data source: Tracy Tabib et al, 2018 (TT) '%; Xuanyu Liu et al,, 2021 (XL) '®, Cheng-
Cheng Deng et al., 2021 (CCD) '°, Martin Direder et al,, 2022 (MD) '7; DEG differentially expressed gene.
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RESULTS

Combined integration of all scRNA-seq datasets identi  fies
significant differences in the cellular composition of normal
skin, normal scars, and keloids

Histological examination of normal skin samples, normal scars and
keloids showed increased dermal cell numbers and abnormalities

of the ECM in both types of scars, including increased linearity of
collagen bundles (Fig. 2a and Supplementary Fig. 17°. To
determine how cell populations differ among healthy skin, skin
adjacent to keloids, normal scars and keloids, we performed a
combined integration ofindividual scRNA-seq datasets '*'&, In
total, datasets of six normal skin samples, four skin samples
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Fig. 2 Cellular composition of skin, normal scars, keloids, and keloid-adjacent skin. a Hematoxylin-eosin staining of skin, normal scar, and
keloid. Scale bars: 250 um. b UMAP plot after integration of all datasets. Cluster identi fications of fibroblasts (FB), smooth muscle cells (SMC),
pericytes (PQ), keratinocytes (KC), endothelial cells (EC), lymphatic endothelial cells (LEC), T cells (TC), macrophages and dendritic cells (MAC  /
DC), Schwann cells and melanocytes (SC/MEL). ¢ Dot plots showing well-known marker genes to characterize clusters: PDGFRA LUM, COL1A1,
DCN, FBLN1for FB, ACTAZ RGS5 for SMC and PC, KRT10 KRT1, KRT14, KRTS for KC, SELE VWF for EC, LYVET for LEC, CD3D, CD2, CXCR4for TC, CD68,
AlF1 for MAC, FCER1A for DC, 51008 NGFR for SC, PMEL MLANAfor MEL; Dot size symbolizes percentage of cells expressing the gene, color
gradient represents average gene expression. d Split UMAP plots show the cellular composition within each tissue. Pie plots depict the

relative amounts of each cell type within a tissue. e Bar plots depict arithmetic means of the absolute numbers of FB, EC, and SC within each
condition. Asterisks represent p-values: *p < 0.05, **p < 0.01, ***p < 0.001, ns: not significant.

Table 1. Donor information.

Tissue Source Paper ID Original ID Site Age Sex Race

Normal skin T TT1_s SC18control Forearm 63 Male Caucasian
Normal skin ™ 172 s SCl1control Forearm 54 Male Caucasian
Normal skin U TT3 s SC32control Forearm 66 Female Caucasian
Normal skin T TT4_ s SC33control Forearm 23 Female Asian

Normal skin mr: 175 s SC34control Forearm 62 Female Caucasian
Normal skin LI TTe_s SC4control Forearm 24 Male Caucasian
Adjacent skin ¥L® XL1_s K007CTRL Chest 28 Female Chinese
Adjacent skin XL XL2 s KOO9CTRL Chest 32 Female Chinese
Adjacent skin L™ XL3_s KO13CTRL Chest 26 Female Chinese
Adjacent skin XL XL4_s K012CTRL Chest 26 Ferale Chinese
Normal scar ccp 't CCD1_ns human_normal_scar_samplel Back 39 Male Han nationality
Normal scar ccp 't CCD2_ns human_normal_scar_sample2 Chest 28 Male Han nationality
Normal scar ccp'® CCD3 ns human_normal_scar_sample3 Chest 26 Female Han nationality
Normal scar MD'* MD1_ns scarl Abdomen 26 Female Caucasian
Normal scar MD '’ MD2_ns scar2 Abdomen 43 Female Caucasian
Normal scar MD '’ MD3_ns scar3 Abdomen 60 Male Caucasian
Keloid XL'"® XL1_k KOO7CASE Chest 28 Female Chinese
Keloid XL'"® XL2_k KOO9CASE Chest 32 Female Chinese
Keloid XL' XL3_k KO13CASE Chest 26 Female Chinese
Keloid XLP XL4 k KO12CASE Chest 26 Female Chinese
Keloid ccn'e CCD1 k human_keloid_samplet Back 20 Male Han nationality
Keloid ccp'e CCD2 k human_keloid_sample2 Chest 23 Male Han nationality
Keloid ccn'® ccD3_k human_keloid_sample3 Chest 34 Female Han nationality
Keloid MD'"? MD1_k keloid 1 Chest 36 Female Caucasian
Keloid mD'"” MD2_k keloid 2 Earlobe 60 Female African

Keloid mD'” MD3 k keloid_3 L Earlobe—Ileft 34 Male Caucasian
Keloid MDD’ MD4_k keloid_3R Earlobe—right 34 Male Caucasian

adjacent to keloids, six normal scars and eleven keloids were
included. Demographic data on the samples and methodological
differences in sample preparation are shown in Table 1 and
Supplementary Table 7, respectively. Combined bioinformatics
analysis of the datasets revealed several main cell clusters (Fig.2h),
which were further characterized by marker gene expression (Fig.
2¢). The clusters were identiffied as fibroblasts (FB), smooth muscle
cells (SMC), pericytes (PC), keratinocytes (KC), endothelial cells (EC),
lymphatic endothelial cells (LEC), T cells (TC), macrophages (MAC),
dendritic cells {DC), Schwann cells (SC) and melanocytes (MEL)
{(Fig. 2b, c). Interestingly, macrophages and dendritic cells as well
as Schwann cells and melanocytes clustered together (Fig. 2b).
Split analysis revealed similar cell clusters but different cell
numbers in each condition (Fig. 2d). While the cell numbers of
fibroblasts and endothelial cells were increased in normal scars
and keloids, increased numbers of Schwann cells were only
detectable in keloids, indicating a specffic role of Schwann cells in
the pathogenesis of keloids (Fig. 2e).

Experimental & Molecular Medicine

Keloidal Schwann cells are conserved in different scRNA-seq
datasets

As the main goals of our study were the in-depth analysis of
Schwann cells in the different scar types and their comparability
across different single-cell datasets, we next recalculated the
combined integrated Schwann cell cluster, removed all melano-
cytes and performed subclustering (Fig. 3). The different Schwann
cell subclusters (Fig. 3a} were identified using well-established
Schwann cell markers (Fig. 3b)'*’. This analysis identified
myelinating Schwann cells (SC-Myel), nonmyelinating Schwann
cells (SC-Nonmyel), proliferating Schwann cells (SC-Pralif),
Schwann cells additionally expressing genes typical for endothe-
lial cells (SC-EC) or fibroblasts (SC-FB) and the previously described
repair-like, profibrotic keloidal Schwann cells (SC-Keloid) (Fig. 3a,
b). We next separated each dataset and detected only a few
Schwann cells in normal skin (Fig. 3¢). In contrast, the number of
Schwann cells was markedly increased in keloids (Fig. 3c).
Interestingly, we also found an increased number of Schwann
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cells in skin adjacent to keloids but not in normal scars {Fig. 3c).
Schwann cells of normal skin were identified as either myelinating
or nonmyelinating Schwann cells. In contrast, we found a high
plasticity of Schwann cells in keloids, with a high number of cells
displaying a profibrotic phenotype. These keloidal Schwann cells
were also detected in ane skin sample adjacent to keloids (Fig.3¢).
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Of note, a substantial number of cells in the Schwann cell cluster
present in normal scars did not express the Schwann cell marker
gene S100B but expressed genes typical forfibroblasts, such as LUM,
suggesting incorrect cluster assignment of some fibroblasts in the
combined integration (Fig. 3d, single red dots in normal scar). In
contrast, some keloids contained Schwann cells coexpressing
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Fig. 3 Schwann cell subset detects pro fibrotic Schwann cells in datasets from all sources. a
subset) after melanocyte removal. b Dot plot identifying the Schwann cell subcluster by expression of marker genes:

M. Direder et al.

UMAP plot of the Schwann cell subset (SC
MBP, MPZ, PLP1, PMP22

for myelinating Schwann cells (SC-Myel); NCAMI, L1CAM SCN7A for nonmyelinating Schwann cells (SC-Nonmyel); S100B NGFR as general
Schwann cell marker; NES, IGFBP5, CCN3 for keloidal Schwann cells (SC-Keloid); TOP2A MKI67 for proliferating Schwann cells (SC-Prolif), DCN,
LUM for cells expressing Schwann cell-speci fic and fibroblast-specific genes (SC-FB), ICAM1, SELE for cells expressing Schwann cell-speci fic and
endothelial cell-speci fic genes (SC-EC). c Bar plots depicting the absolute number of distinct Schwann cell subtypes within each dataset. skin

(s}, normal scar (ns), keloid (k); data source: Tracy Tabib et al., 2018 (TT) 18; Xuanyu Liu et al, 2021 (XL) ‘5, Cheng-Cheng Deng et al.,, 2021
(CCD)'®, Martin Direder et al., 2021 (MD) '7; d Feature blends show the expression of S100B (green), LUM (red) and double expression of both
genes (yellow) in the SC subset split by tissue, e Immunofluarescence staining of 5100-positive SCs in the dermal layer of a keloid; Scale bar:

100 pm.
«

fibroblast markers and 5100B({Fig. 3d, double positive, yellow dots in
keloids). To confirm cur transcriptomic data, we performed S100
immunostaining of normal skin, normal scars and keloids (Fig.3e).
As suggested by our scRNA-seq data, we found a markedly
increased number of Schwann cells in keloids. These cells were
spindle-shaped with long extensions on both ends (Fig. 3e), a
morphology previously described for repair Schwann celld"'7°,

To overcome passible calculation errors of combined integration,
we also integrated the datasets of each study individually. In line with
our previous calculation approach, we found increased numbers of
Schwann cells in keloids {Supplementary Figs. 2 and 3). Interestingly,
we were not able to identify a Schwann cell cluster in normal scars by
separate integration of the datasets (Supplementary Fig. 2). There-
fore, only healthy skin, adjacent skin and the three keloid datasets
were included for further analysis All main clusters and subclusters
were calculated using the same R-protocol with corresponding
identical parameters. Subset analysis uncovered up tofive clusters of
Schwann cell subtypes in the individual conditions (Fig.4a). Similar to
the combined calculation, individual integration of each dataset also
identified the presence of profibrotic Schwann cells in almost all
keloids and in one skin sample adjacent to a keloid (Fig.4a, b). In
contrast to the combined integration, we detected a high number of
S100Bnegative cells that were lumican-positive in the single
integrated skin samples (Fig. 4c, single-positive red dots). Together,
our data indicate that profbrotic Schwann cells are robustly
detectable in keloids regardless of the calculation method. Problems
with incorrectly assigned fibroblasts were found in both calculation
methods and mainly affected very small Schwann cell clusters
present in normal skin or normal scars (Fig.4d).

Characterization of a gene-set speci fic for keloidal, pro fibrotic

Schwann cells

We next analyzed all differentially expressed genes by comparing
one Schwann cell cluster with all other Schwann cells within each
dataset. More genes were downregulated in the SC-Keloid cluster
in keloids than adjacent skin (Supplementary Fig. 4 and
Supplementary Tables 1-5). Evaluation of the top differentially
expressed genes between profibrotic Schwann cells and myelinat-
ing/nonmyelinating Schwann cells revealed a set of 21 genes that
were characteristic of profibrotic Schwann cells in keloids (Fig. 5a,
b). Comparison of the mean expression values of these genes in
the individual datasets confirmed the highly specific expression
pattern of keloidal Schwann cells (Fig. 5a). Interestingly, the
expression of most of these genes was comparable between some
of the keloid-specific Schwann cell clusters (SC-Prolif, SC-EC, and
SC-FB) and the profibrotic Schwann cells (SC-Keloid), indicating
that although SC-Prolif, SC-EC and SC-FB cluster separately and
show some additional characteristics, they also share most of the
features of keloidal profibrotic Schwann cells (Supplementary Fig.
5). In our previous work, we discovered a contribution of Schwann
cells to ECM formation in keloids'’. We therefore analyzed the
expression of matrix proteins in all Schwann cells of the different
datasets and found that most collagen genes were signficantly
increased in keloidal Schwann cells in all datasets (Supplementary
Fig. 6). Furthermore, GO-term analysis of keloidal Schwann cells in
all datasets confirmed a strong association of these cells with ECM
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organization and wound healing (Supplementary Fig. 7). Interest-
ingly, some collagens and other factors of the ECM were also
found among the SC-Keloid-specific genes (Fig. 5b). Together with
the previously shown NES protein expression'’, we further
confirmed ELN, IGFBP5 and CCN3 protein expression in keloidal
Schwann cells (Fig. 5c-e).

Keloidal Schwann cells show similarities with repair Schwann
cells in damaged peripheral nerves

Bosse et al. were the first to describe a specific panel of genes
regulated in nerve-associated cells upon damage to peripheral
nerves®. This set of genes was assaciated with the formation of
repair Schwann cells and their function to promote regeneration
of the peripheral nerve™. To investigate similarities of repair
Schwann cells, present in the injured nerve, and keloidal Schwann
cells, we compared the gene list of Bosse et al. with our dataset
and detected 40 genes that were similarly regulated in both
datasets (Fig. 6). For example, ACTB. GPC1, MYH9, S100A4 TGFB|,
ATP1A2 MAL MPZ NFKBIA PLLP, PLP1, and SCN7A showed
comparable regulation (Fig. 6a and Supplementary Table 8). GO-
term analysis of the carresponding regulated genes revealed a
typical regulation of cellular processes associated with repair
Schwann cells, including regulation of cell adhesion and division,
generation of precursor metabolites and energy and down-
regulation of myelination (Fig. 6b, c). These data suggest that a
part of the repair Schwann cell gene-set identfied by Bosse et al.
is conserved in keloidal Schwann cells.

Pseudotime trajectory analysis identi fies candidate factors

decisive for keloidal, pro fibrotic Schwann cell development

To further identify novel signaling molecules involved in the
development of keloidal profibrotic Schwann cells, we performed
pseudotime trajectory analysis. Therefore, we reintegrated all
individually identified Schwann cell clusters from each study (Fig.
7a). A UMAP, colored by the previously defined Schwann cell
subtypes, showed a clear demarcation of the different Schwann
cell populations (Fig. 7b). Pseudotime trajectory calculation
suggested that myelinating and nonmyelinating Schwann cells
dedifferentiate toward one common branching point and then
further into profibrotic Schwann cells (Fig. 7¢). Since JUN, STAT3,
ARTN BDNF, GDNF, SHH, and OLIG1 are known decisive factors for
the development of repair Schwann cells upon neural damagé,
we next plotted their expression on the pseudotime trajectory.
The transcription factors JUN and STAT3 were highly expressed,
specifically in cells at the branching point, corfirming their role in
the dedifferentiation process of repair Schwann cells (Fig.7d, e).
Of note, other described factors involved in the repair of Schwann
cell development in peripheral nerves (ARTN, BDNF, GDNF, SHH,
OLIG1T and IGFBP2 were not or only weakly expressed in keloidal
Schwann cells (Supplementary Fig. 8a). In addition, our analysis
identified several specific groups of transcription factors signii-
cantly enriched at the branching point, such as members of the
AP-1 family (Fig. 7f and Supplementary Fig. 8b), Kruppel-like
factors (KLF) (Fig. 7g and Supplementary Fig. 8c) and immediate
early response genes (IER) (Supplementary Fig. 8d), as well as
some other transcription factors EGR1, ATF3, HES1, ZFP36 (Fig. 7h
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Fig. 4 Tissue- and source-speci fic dataset evaluation con firms keloidal pro fibrotic Schwann cells. a UMAP plots depict subsets ofidenti fied
Schwarin cell clusters. Data sources: Tracy Tabib et al,, 2018 (TT) '% Xuanyu Liu et al, 2021 (XL} °, Cheng-Cheng Deng et al., 2021 (CCD) ',
Martin Direder et al., 2021 (MD) '*; b Dot plots of well-known marker genes to characterize Schwann cell subtypes. MBP, MPZ, PLP1, and PMP22
for myelinating Schwann cells (SC-Myel); NCAM1, L1CAM and SCN7Afor nonmyelinating Schwann cells (SC-Nonmyel, SC-Nonmyel2); $100Band
NGFR as general Schwann cell markers; NES, IGFBP5 CCN3 for keloidal Schwann cells (SC-Keloid); TOP2A and MKI67 for proliferating Schwann
cells (SC-Prolif}, DCN and LUM for cells expressing Schwann cell and fibroblast-specific genes (SC-FB), ICAM1 and SELE for cells expressing
Schwann cell and endothelial cell-speci fic genes (SC-EC); mixed myelinating and nonmyelinating Schwann cell cluster (SC-Myel + Nonmyel);
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To investigate cellcell communication processes possibly
involved in the dedifferentiation process of keloidal Schwann

and Supplementary Fig. 8e), suggesting an involvement in keloidal

repair-like, profibrotic Schwann cell development. Immundfluor-
escence staining confirmed the presence of nuclear JUN, STAT3,

JUNB, KLF4 and EGR1 proteins in NGFR" keloidal Schwann cells

we

Therefore,
located at the

interactions between Schwann cells
branching point and all other cell types present in the tissue

cells, we next performed CellChat analysis.

calculated

in situ (Fig. 7i-m).
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Fig. 5 Individual dataset combinations reveal the gene expression pattern of keloidal pro

fibrotic Schwann cells, a Violin plots of

corresponding, meaningful genes detected in all individual top 100 gene lists comparing keloidal Schwann cells (SC-Keloid) with mature
Schwann cells (myelinating and nonmyelinating Schwann cells). Data sources: Tracy Tabib et al, 2018 (TT) '%; Xuanyu Liu et al,, 2021 (XL) '*,
Cheng-Cheng Deng et al., 2021 (CCD) 'S Martin Direder et al,, 2021 (MD) '7; adjacent skin (adj_skin); Crossbeams show mean expression values;
maximum expression is depicted by vertical lines; frequency of cells with the respective expression level is shown by viclin width; myelinating
Schwann cells (SC-Myel); nonmyelinating Schwann cells (SC-Nonmyel, SC-Nonmyel2), myelination and nonmyelinating Schwann cell mixed
cluster {(SC-Myel + Nonmyel); keloidal Schwann cells (SC-Keloid); proliferating Schwann cells (SC-Prolif), cells expressing Schwann cell and
endothelial cell-speci fic genes (SC-EC); cells expressing Schwann cell and  fibroblast-specific genes (SC-FB). b List of all members from the SC-
Keloid gene expression pattern. mRNAs in bold have been veri fied at the protein level. c-e Immunofluorescence staining of keloidal Schwann
cells visualized by S100B or NGFR (yellow) in combination with ELN, IGFBP5 or CCN3. Arrowheads indicate double-positive Schwann cells,

Nuclei were stained with DAPI (blue). Scale bars: 50 um.

(Supplementary Fig. 9a). Our analysis revealed a strong impact of
fibroblasts on keloidal Schwann cells, suggesting the involvement
of fibrablasts in the dedifferentiation process (Supplementary Fig.
9b). Furthermore, keratinocytes and smooth muscle cells/pericytes
seemed to be influenced by keloidal Schwann cells (Supplemen-
tary Fig. 9b). Interestingly, such strong celBcell interactions were
not observed in healthy skin (Supplementary Fig. 10a-d). More
detailed analysis of these cellcell interactions in keloids mainly
identified interactions with components of the ECM, including
collagens and laminin subunits (Supplementary Fig. 9c). Similar
celldcell interactions were observed between the different subsets
of keloidal Schwann cells and all other cell types present in keloids
(Supplementary Fig. 11a-f). Together, these data suggest that the
keloidal microenvironment contributes to the formation of
keloidal repair Schwann cells.

DISCUSSION

Recently, we identified an important role of Schwann cells in the
pathogenesis of keloids'’. Using scRNA-seq, we were able to
demonstrate that a high number of Schwann cells are present in
keloids and that these cells significantly contribute to the
overproduction of the extracellular matrix’. Interestingly, these
Schwann cells were not associated with axons and showed a
nonclassical repair-like phenotype. However, their exact transcrip-
tional profile and marker genes unambiguously determining this
keloidal Schwann cell type have not yet been described. Although
scRNA-seq represents a powerful tool for studying gene expres-
sion in organs and tissues at a single-cell resolution, the
comparability of different scRNA-seq datasets and generation of
reproducible data are still challenging. Donor variabilities,
differences in the tissue dissociation procedure and differences
in bioinformatics processing of the data are the main reasons for
heterogeneous results’’°, Such methodological differences
could significantly affect absolute cell numbers and gene
expression patterns, As Schwann cell numbers are already strongly
dependent on the body site”™ and certain diseases further
influence the number and expression profile of Schwann cells in
the skin'*', a combined evaluation of several datasets was
essential to decipher the transcriptional prdfile of the newly
identified keloidal Schwann cell type.

To date, several studies have underlined the impact of the
tissue dissociation procedure on gene expression’ ", The
commercially available whole-skin dissociation kit is the most
commonly used skin dissociation method for scRNA-seq experi-
ments**" and was used in 3 of the 4 studies analyzed
(Supplementary Table 7). In only one study, keloids were digested
with dispase Il and collagenase IV for two hours. Interestingly, this
dataset contained significantly fewer Schwann cells, suggesting
that the use of the whole-skin dissociation kit yields mare reliable
data representing all cell types present in the tissue ofinterest. In
the other three studies, the tissue was digested for different time
periods. Of note, keloid samples generated by an overnight
dissociation step showed significantly mare myelinating Schwann
cells compared to the studies using a shorter dissociation time (up
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to 2.5 h), indicating that the dissociation of Schwann cells attached
to axons is difficult and can be improved by a longer digestion
period. This finding is in line with established isolation methods of
Schwann cells from human peripheral nerves that include an
overnight dissociation step™**. Furthermore, in a recent publica-
tion describing a method for the isolation of Schwann cells from
healthy skin, the authors discussed preculturing steps to disin-
tegrate the nerve for more efficient Schwann cell isolation™.
Nevertheless, given the high plasticity of Schwann cells and
unwanted effects oflong-lasting isolation protocols on the

transcriptome, short-term isolation protocols are preferable. In
contrast to myelinating and nonmyelinating Schwann cells, we
found considerable numbers of keloidal profibrotic Schwann cells
in all datasets, indicating that Schwann cells that are not
associated with an axon can be easily isolated from the tissue.

To compare the phenotype of keloidal Schwann cells with those
of normal scars, we also included scRNA-seq data from normal
scars in our analyses. Interestingly, only after a comprehensive
computation of all datasets together we were able to identify a
few Schwann cells in normal scars. The lack of Schwann cells in
normal scars is in line with a recent publication reporting an
important role of Schwann cells during wound healing in micé.
Parfejevs et al. showed that murine Schwann cells dedifferentiate
and re-enter the cell cycle after wounding and promote wound
healing by releasing paracrine factors, thereby inducing myd-
broblast differentiation®. Importantly, these Schwann cells com-
pletely disappeared from the wounded area after successful
completion of wound healing®. Whether these Schwann cells
convert into other cells, such as fibroblasts, or migrate back to an
axon remains to be elucidated. The low numbers of Schwann cells
detected in normal human scars suggest that such a mechanism
might also be apparent in human wound healing and that the
development of keloids might be associated with defects in
removing these Schwann cells after wound healing. However,
further studies are necessary to fully elucidate the impact of
Schwann cells on human wound healing.

The adjacent skin around keloids has been reported to exhihit
features typical of keloids'®, Strikingly, our bioinformatics analysis
also uncovered keloidal profibrotic Schwann cells in one dataset
of keloid-adjacent skin. This finding supperts our assumption that
the persistence of keloidal Schwann cells in the dermis contributes
to disease progression. Two scenarios by which these Schwann
cells might affect keloid progression appear reasonable. First,
keloidal Schwann cells spread into the surrounding healthy skin,
generating a milieu that favors the growth of keloids. Second, the
continuously growing keloids might affect nerves in the surround-
ing healthy skin and trigger dedifferentiation of Schwann cells,
which in turn further contributes to ECM overproduction, as
reported previously'’. Our transcriptomic data and bioinformatics
analyses have built a good basis for further studies addressing
these open questions in more sophisticated in vivo studies.

Injury of peripheral nerves causes dedifferentiation of both
types of mature Schwann cells {myelinating and nonmyelinating)
into repalr Schwann cells**™*%, Qur pseudotime trajectory calcula-
tions suggest that myelinating and nonmyelinating Schwann cells
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and categorized according to the source list of Bosse et al. (2006) . GO-term enrichment of the corresponding b up- and ¢ downregulated
genes, The bar length depicts the statistical signi ficance of the annotated term.
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of the skin dedifferentiate into profibrotic, repair-like Schwann
cells in keloids. Interestingly, many of the marker genes specfically
expressed by bona fide repair Schwann cells (STAT3, ARTN, BDNF,
GDNF, SHH, OLIG] and IGFBP? were not or only weakly detected
in keloidal Schwann cells. However, ¢-Jun, a key factor for guiding
dedifferentiation and enabling proper function of repair Schwann
cells** 4952 was also strongly expressed in keloidal Schwann
cells, especially at the branching point of the pseudotime
trajectory. However, in fully dedifferentiated keloidal Schwann
cells, c-Jun expression levels were again decreased. Interestingly,
our analyses revealed that several other transcription factors,
including other AP-1 members JUNB, JUND, FOS, FOSE members
of the Kruppel-like factor family KLF2, KLF4, KLF6, KLF1D and

members of the immediate early response gene family (RE2, IRE3,
IERS, IER5L), were similarly regulated, suggesting that these
transcription factors might also play an important role in the
dedifferentiation process of skin Schwann cells. Whereas the
function of most of these factors in Schwann cells needs further
in-depth investigation, several members of the KLF family have
already been reported to be crucial for Schwann cell differentia-
tion"*7_ In particular, the high expression of KLF4 suggests that
keloidal Schwann cells indeed underwent a dedifferentiation
process. The reason for the lack of bona fide repair Schwann cell
markers in keloidal Schwann cells is currently not known. As c-Jun
is the major regulator of most of these marker gened, its
downregulation might be responsible for this observation.
Although c-Jun activation is important for the induction of repair
Schwann cell development after neural damage, chronic denerva-
tion was shown to strongly reduce c-Jun levels in Schwann cells’
We therefore hypothesize that due to the prolonged axon-free
occurrence of Schwann cells in keloids, their expression pattern
changes significantly. Whether these keloidal Schwann cells,
despite the loss of expression of several repair marker genes, still
represent functional repair Schwann cells has to be determined in
future experiments. However, the comparison of our dataset with
a dataset of an acute nerve lesion’ revealed that a high number of

genes characteristic of repair Schwann cells were similarly

regulated in both Schwann cell types, suggesting that at least

some parts of the repair Schwann cell function are still conserved

in keloidal Schwann cells.

Qur cellcell interaction analysis suggests the involvement of
fibroblasts in the conversion of myelinated and nonmyelinated
Schwann cells into keloid-specific profibrotic Schwann cells, as a
high communication probability has been detected for collagen-
integrin and midkine-integrin interactions. Interestingly, these
receptorflligand interactions have already been reported to be
involved in cellular development, reprogramming, survival and
proliferation, which is consistent with our analysis®>”, Furthermore,
our analyses suggest that keloidal Schwann cells affect keratino-
cytes and smooth muscle cells/pericytes, especially by PTN-NCL
interactions. Such interactions have been previously shown to be
involved in tumorigenesis and cell migration, suggesting their
involvement in the tumor-like growth of keloid$”. Intriguingly, only
minor interactions of Schwann cells with macrophages were
detected in our analysis. This result is in stark contrast to our
previous findings, where we described an important crosstalk of
keloidal Schwann cells and macrophages, thereby contributing to
the infinite growth of keloids'”. As bioinformatics analyses always
entail a certain risk of overlooking or overinterpreting biologic
processes, further studies are needed to fully understand the whole
communication network of Schwann cells in keloids and their
contribution to keloid formation or progression.

As we have previously shown that kelocidal Schwann cells
significantly contribute to ECM formation'’, it is conceivable that
keloidal Schwann cells acquire profibrotic properties. This
hypothesis is supported by the identfied gene-set that contains
several profibratic genes (COL1AT, COL7A1, ELN, IGFBP3, IGFBP5,
ITGB1, LOXL2, MMP15, S100A16, SPARCL1, TAGLN, TGFBI, TPMZhe
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identification of this specific gene-set enables further investiga-
tions of the contribution of Schwann cells to fibrosis in other
fibrotic disorders, such as liver cirrhosis, idiopathic pulmonary
fibrosis or renal fibrosis. Considering the current literature and our
new data, we hypothesize that there are at least two types of
repair(-like} Schwann cells. One type occurs temporarily after
acute injury to functionally regenerate a disrupted nerve, and
another type persists after complete tissue regeneration in keloids
for a long time period, thereby acquiring prdfibrotic properties™.
Why this Schwann cell type is not removed after weound healing is
currently not known and matter of ongoing experiments.

In conclusion, we confirmed the presence of a repair-like,
profibrotic Schwann cell type in keloids from three independent
scRNA-seq datasets and identified a conserved expression pattern
of twenty-one genes that specifically characterizes this Schwann
cell type. This special repair-like, prcfibrotic Schwann cell type
present in keloids exhibits distinct genetic differences compared
to classical repair Schwann cells but presumably arises from a
common initial injury event. Qur study has built the foundation for
further studies to investigate the frequency of these cells and the
contribution to fibrotic processes in other organs. With respect to
the described bioinformatics analyses, our study provides a
practical strategy to reliably analyze even small cell clusters and
obviate incorrect cluster assignment.
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Supplementary Fig. 1
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Supplementary Fig. 1: Collagen alignment in skin, normal scar and keloid

Evaluation of the alignment coefficient of healthy skin, normal scar and keloid tissue. Maximum and minimum value with <1.5 interquartile
range is shown by whiskers. The middle line represents the mean. Normally distributed data were compared by one-way ANOVA with Tukey
post hoc test. ****p <0.0001.
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Supplementary Fig. 2
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Supplementary Fig. 2: Individual dataset integration unravels cluster consistency

UMAP-Plots and Dot plots individual integrations of datasets from distinct conditions and sources: SKIN_TT, n=6 (a}; adjacent SKIN_XL, n=4 {b); NORMAL
SCAR_CCD, n=3 (c); NORMAL SCAR_MD, n=3 (d); cluster classification as fibroblasts (FB), smooth muscle cells {(SMC), pericytes (PC), smooth muscle cells and
pericytes (SMC/PC), keratinocytes (KC), endothelial cells (EC), lymphatic endothelial cells (LEC), T-cells {TC}, macrophages (MAC), dendritic cells (DC),
macrophages and dendritic cells (MAC/DC), Schwann cells (5C), melanocytes (MEL), erythrocytes (ERY) and sweat gland cells {SGC); Pie plots show cluster
composition within each dataset combination. Dot plots showing well-known marker genes to characterise clusters: PDGFRA, LUM, COLTAT, DCN, FBLNT for
FB; ACTAZ2, RGS5 for SMC and PC; KRT10, KRT1, KRT 14, KRTS for KC; SELE, VWF for EC; LYVET for LEC; CD3D, CD2, CXCR4 for TC; CD68, AF1 for MAC; FCER1A for

DC; S100B, NGFR for SC; PMEL, MLANA for MEL; Dot size symbolizes percentage of cells expressing the gene, colour gradient shows level of average gene
expression.
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Supplementary Fig. 3
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Supplementary Fig. 3: Individual dataset integration unravels cluster consistency

UMAP-plots and DotPlots individual integrations of datasets from distinct conditions and sources: KELOID_XL, n=4 (a); KELOID_CCD,
n=3 (b}); KELOID_MD, n=4 (c); cluster classification as fibroblasts (FB), smooth muscle cells (SMC), pericytes (PC), smooth muscle cells
and pericytes (SMC/PC), keratinocytes (KC), endothelial cells (EC), lymphatic endothelial cells (LEC), T-cells (TC), macrophages (MAC),
dendritic cells (DC), macrophages and dendritic cells (MAC/DC), Schwann cells [SC), melanocytes (MEL], erythrocytes (ERY) and sweat
gland cells (SGC); Pie plots show cluster composition within each dataset combination. Dot plots showing well-known marker genes
to characterise clusters: PDGFRA, LUM, COLTA1, DCN, FBLNT for FB; ACTAZ, RGS5 for SMC and PC; KRT10, KRT1, KRT14, KRT5 for KC; SELE,
VWF for EC; LYVE? for LEC; CD3D, CD2, CXCR4 for TC; CD68, AlF1 for MAC; FCER1A for DC; 51008, NGFR for SC; PMEL, MLANA for MEL; Dot
size symbolizes percentage of cells expressing the gene, colour gradient shows level of average gene expression.



Supplementary Fig. 4
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Supplementary Fig. 4: Total number of differentially expressed genes in each individual computation

Bar plots show the total number of differentially expressed genes {fold change 22) between all Schwann cell cluster of SKIN_TT (a); adjacent SKIN_XL {b);

KELOID_XL (c); KELOID_CCD (d); KELOID_MD (e}; green= UP regulation, red= DOWN regulation
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Supplementary Fig. 5
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Supplementary Fig. 5: SC-Keloid pattern gene expression in all Schwann cell subtypes

Violin plots show the expression of the identified SC-Keloid expression pattern in all Schwann cell subtypes, Crossbeams mark the mean expression, vertical

lines show maximum expression, violin width symbolizes frequency of cells on a distinct expression level.
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Supplementary Fig. 6
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Supplementary Fig. 6: Extracellular matrix associated gene expression in SC-Keloid of distinct sources
Violin plots show the expression of several genes associated with matrix formaticn in all Schwann cell subtypes. Crossbeams mark the mean expression,
vertical lines show maximum expression, violin width symbalizes frequency of cells on a distinct expression level,
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Supplementary Fig. 7
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Supplementary Fig. 7: Corresponding GO-Terms encourage reported functions of keloidal Schwann cells
Enrichment analysis of top 100 upregulated genes resulted by data confrontation of SC-Keloid with myelination and nonmyelinating Schwann cells.
Bar length shows statistical significance; mean value is depicted in black.
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Supplementary Fig. 8: Pivotal gene groups potentially involved in the Schwann cell dedifferentiation process

(a) Feature Plots with pseudotime track of BDNF, GDNF, ARTN, SHH, OLIGT and IGFBP2. (b) Feature Plots with UMAP Plot of combined Schwann cell clusters of
all individual computations as basis showing activator protein 1 (AP-1) members JUND, FOS and FOSB, (c) Feature Plots of the kruppel-like factors (KLF)
members KLF2, KLF6 and KLF10. (d) Feature Plots of the immediate early response (IER) genes IER2, IER3, IERSL and IERS. (e) Feature Plots of ATF3, HEST and
ZFP36.
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Supplementary Fig. 9
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Supplementary Fig. 9: Potential impact of different cell types in the Schwann cell dedifferentiation process

(@) UMAP-Plot of combined Schwann cell clusters with determining cells at the branching point highlighted in orange. (b) Circle plot of detected interac-
tions between the distinct keloidal cell types and the determining Schwann cells at the branching point; fibroblasts (FB), smooth muscle cells and pericytes
{SMC/PC), keratinocytes (KC), endothelial cells (EC), lymphatic endothelial cells (LEC), T-cells {TC), macrophages and dendritic cells (MAC/DC), sweat gland
cells (SGC); bows are coloured according to the singalsending cell type; bow thickness symbolizes extent of detected interactions. (¢) Dotplot shows all

identified interactions of the distinct keloidal cell types with the pivotal Schwann cells at the branching point; dots symbolize a detected interaction, dotsize
shows p-value, dot colour depicts extent of the communication probability.
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Supplementary Fig. 10
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Supplementary Fig. 10: Potential Schwann cell interaction in healthy skin.

{2} Circle plot of the detected interactions in healthy skin between myelinating + nonmyelinating Schwann cells {(SC-Myel+Nonmyel) and the remaining cell
types [fibroblasts (FB), smooth muscle cells and pericytes (SMC/PC), keratinacytes (KC), endothelial cells (EC), T-cells {TC), macrophages and dendritic cells
{MAC/DC), melanocytes (MEL), sweat gland cells (SGC)]; bows are coloured according to the singal-sending celltype; bow thickness symbalizes extent of
detected interactions. Dotplots show all identified interactions with cells present in keloids sent by (b) SC-Myel+Nonmyel, (c) FB and (d) SMC/PC; dots
symbolize a detected interaction, dotsize shows p-value, dot colour depicts extent of the communication probability.
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Supplementary Fig. 11
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Supplementary Fig. 11: Potential Schwann cell interaction in keloids .
Circle plots of detected interactions in keloids between (a) myelinating and nonmyelinating Schwann cells (SC-Myel4+-Nonmyel), (b) keloidal Schwann cells
(SC-Keloid) and the remaining cell types; fibroblasts (FB), smooth muscle cells and pericytes (SMC/PC), keratinocytes (KC), endothelial cells (EC), lymphatic
endothelial cells (LEC), T-cells (TC), macrophages and dendritic cells (MAC/DC), sweat gland cells (SGC), proliferating Schwann cells (SC-Prolif), Schwann
cells expressing genes typical for endothelial cells (SC-EC) or fibrablasts (SC-FB); bows are coloured according to the singal-sending cell type; bow thickness
symbolizes extent of detected interactions. Dotplots show all identified interactions with cells present in keloids sent by (c) SC-Myel+Ncnmyel, (d)
SC-Keloid, (e) FB and {f) SMC/PC; dots symbolize a detected interaction, dotsize shows p-value, dot colour depicts extent of the communication probability.
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Supplementary Table 6 - antibody information

15t Antibodies

Antigen Species catalog No company dilution comment
S100 rabbit #20311 DAKO ready to use o.n., 4°C
NGFR mouse ftsc-13577 SantaCruz 1:100 o.n., 4°C
JUN rabbit #9165S CellSignaling 1:300 o.n., 4°C
STAT3 rabbit #9132 CellSignaling 1:200 o.n., 4°C
JUNB rabbit #3753 CellSignaling 1:200 o.n., 4°C
KLF4 rabbit ab151733 abcam 1:200 o.n., 4°C
EGR1 rabbit ab216964 abcam 1:200 o.n., 4°C
CCN3 rabbit abl137677 abcam 1:200 o.n., 4°C

ELN rabbit ab21610 abcam 1:200 o.n., 4°C

Antigen Species catalog No company dilution comment

o rb AFA88 goat #A32731 Invitrogen 1:400 1 hr, RT
a ms AF594 donkey #A21203 Invitrogen 1:400 1 hr, RT
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Supplementary Table 8

gene regulation in keloidal repair-like

SCs

compared to myelinating/nonmyelinating

SCs

rel. expression level

gene regulation after
peripheral nerve lesion in
rat
compared to no lesion
source: DOI: 10.1111/].1471-
4159.2005.03635.x

rel. expression level

GBN human homolog | category
M61875 CD44 A
X61654 CD83 A

AF049882 cDg2 A
X76489 CD9 A
D83349 CDH22 A
D25290 CDH8 A
M92848 CEACAM1 A
D87248 CNTN6 A
L26525 DDR1 A
U60096 ITGB4 A

AF009133 KLRD1 A
U41663 NLGN3 A
D10831 SELL A
Y13714 SPARC A
190448 CXCL5 A
U54791 CXCR4 A
Ug7142 GFRA1 A
J04811 GHR A
ME1177 MAPK3 A
66274 NPYSR A
M63837 PDGFRA A
D64045 PIK3R1 A
M20637 PLCD1 A
D38222 PTPRN A
L13151 RASA1 A

AF084205 TAOK1 A
D14014 CCND1 B
D16308 CCND2 B
D16309 CCND3 B
U05341 CDC20 B
L11007 CDK4 B
D64085 FGF5 B
132591 GADD45A B
X76453 PLAAT3 B
M31177 THRA B
U72350 BCL2L1 B
D26112 FAS B
L12458 LYZ B
X05137 NGFR B
£54212 EMP1 B
D85760 GNA12 B
M31837 IGFBP3 B
M6E9055 IGFBP6 B
D50093 PRNP B
V01217 ACTBE B

AF083269 ARPC1B B
L08505 DYNC1H1 B
X67788 EZR B
U31367 MAL B
X60370 MAP1B B
U31463 MYH9 B
X74815 MYCQ1E B
212152 NEFM B
X58601 PLEC B
X86789 SNCG B

Keloid
MD

Mean

5-8h|2d]4d| 7d| 14d| 28d

adj_Skin | Keloid Keloid
XL XL CCD
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Supplementary Table 8

gene regulation after
gene regulation in keloidal repair-like peripheral nerve lesion in
SCs rat
compared to myelinating/nonmyelinating compared to no lesion
SCs source: DOI: 10.1111/].1471-
4159.2005.03635.x
rel. expression level rel. expression level
adj_Skin | Keloid Keloid Keloid
GBN human homolog | category XL XL CcCcD mp | Mean 5-8h | 2d| 4d| 7d| 14d | 28d
M83107 TAGLN B
V01227 TUBATA B
AJ002967 UTRN B
AF051425 CNMD B
AJ224879 COL2A1 B
J04035 ELN B
AJ009698 EMB B |
34067 GPC1 B
L 14851 NRXN3 B
D&8250 C18 B
M15768 CD4 B
U17035 CXCL10 B
AF010464 IL7 B
M34253 IRF1 B
D10754 PSMB6 B
M20035 PTMA B |
X52498 TGFBI B
D42117 TNFRSF8 B
38644 KPNB1 B
20822 STX5 B
D17615 YWHAZ B
U53184 LITAF B
AF014503 NUPRA1 B
J03628 S100A4 B
K01934 THRSP B
L15079 ABCB4 B
L06040 ALOX15 B
M21730 ANXAS B
X55572 APOD B
M28647 ATP1A1 B |
M14512 ATP1A2 B
J04629 ATP1B2 B
D84450 ATP1B3 B
X14209 COX411 B
D10952 COX5B B
D13205 CYB5A B
U17697 CYP51A1 B
J02773 FABP3 B
U75581 FABP4 B
U13253 FABPS B
U58829 FTH1 B
M26161 KCNA1 B
M12516 POR B
Y09164 SCN7A B
J04793 SLC4A1 B
M85738 SLCBA11 B
L38247 SYT4 B
AJO04912 TMED10 B
L12385 ARF6 B
AF019109 SORT1 B
029339 ERBB3 C
M25889 MBP Cc
K03242 MPZ Cc
AB019393 MYOC c 1
M34384 NES C
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Supplementary Table 8

gene regulation in keloidal repair-like
SCs
compared to myelinating/nonmyelinating
SCs

rel. expression level

gene regulation after
peripheral nerve lesion in
rat
compared to no lesion
source: DOI: 10.1111/].1471-
4159.2005.03635.x

rel. expression level

adj_Skin | Keloid Keloid Keloid

GBN human homolog | category XL XL CcCD mp | Mean 5-8h|2d|4d| 7d| 14d| 2&d
749858 PLLP C
M11185 PLP1 C
M69139 PMP22 C
229649 PRX C
M54919 5100B C
M24067 SERPINE1 C
M27876 STMN1 C
M12819 ALDOA D
D&3479 CDO1 D
D38495 CMA1 D
M36320 CTSH D
373583 ENPEP D
X79807 F10 D
L03294 LPL D
03763 PLA2GS D
M23697 PLAT D
L26043 PLIN1 D
Us50194 TPP2 D
D90109 ACSL1 D
M22413 CA3 D
33869 CP D
M25591 FDFT1 D
M34477 FDPS D
M17701 GAPDH D
X62404 GPX5 D
X62660 GSTA4 D
J02592 G3STM2 D
X02904 GSTP1 D
MG63983 HPRT1 D
u62803 LCAT D
J03752 MGST1 D
U25651 PFKM D
L02615 PKIA D
Do0164 PPP1CB D
M33962 PTPN1 D
D86373 SOAT1 D
X74593 SORD D
MS7662 UBP1 D
U07683 UGT8 D
X70685 H1-0 D
M37584 HZAZA1 D
ME4986 HMGB1 D
D84418 HMGB2 D
M12156 HNRNPA1 D
D13374 NME1 D
X60790 PTBP1 D
746372 TOP2A D
D49708 TRAZB D
M14864 CKM D
X15800 PKM D

AFO017637 CPZ D
X61043 EEF1A1 D
J02646 EIF281 D
X54793 HSPD1 D
M86870 PDIA4 D
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Supplementary Table 8

SCs

SCs

gene regulation in keloidal repair-like

compared to myelinating/nonmyelinating

rel. expression level

gene regulation after
peripheral nerve lesion in
rat
compared to no lesion
source: DOI: 10.1111/].1471-
4159.2005.03635.x

rel. expression level

adj_Skin | Keloid

GBN human homolog | category XL XL
L25331 PLOD1 D
X93352 RPL10A D
M20156 RPL18 D
X06148 RPL5 D
X52445 RPS24 D
X58051 RPS29 D
MB84716 RPS3A D
C07039 RPSA D
ME5149 CEBPD E
X14788 CREB1 E
D17512 CRIPZ2 E
U09229 CUXA1 E
JO3179 DBP E
D31734 DLX5 E
D10862 1D1 E
D10863 1D2 E
D10864 1D3 E
X17163 JUN E
X63594 NFKBIA E
U17254 NR4A1 E

AF008554 MAGT1 F
AF025506 RABAG F 1
U25264 SELENOW F |

Keloid
CCD

Keloid
MD

| Mean

5-8h|2d]4d| 7d| 14d| 28d

rel. expression level UP = 1.8:

rel, expression level DOWN = 1.8:

upregulation:

downregulation:

no regulation:

GenBank accession number: GBN
SC-Repair gene expression pattern

Category according to Bosse et al. (2006):
A: Cell communication

B: Cellular physiological process

C: Development
D: Metabolism
E: Transcription
F: Miscellaneous
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3 CHAPTER THREE: DISCUSSION

About 5000 years ago, Keloids have already been described as continuously spreading
tumour-like pathology (Breasted, 1930). The term “keloid” has been formed later, about 200
years ago, accompanied by a more decent characterization of this pathology (Murray et al.,
1981). Since then, still no determinative cause for this fibrotic skin disease has been
identified (Limandjaja et al., 2020). Numerous hypotheses are still being discussed and
challenged, including inflammatory, mechanic, hereditary and ethnical theories, amongst
many others (Limandjaja et al., 2020). A keloid is an extremely versatile disease that involves
multiple cells with a pro-fibrotic state, including fibroblasts, endothelial cells and others
(Broughton et al., 2006; Kischer et al., 1982; Lim et al., 2019; Macarak et al., 2021).

“All that glisters is not gold” (Shakespeare et al, 1823)

Our scRNAseq analysis revealed novel insights in the cellular environment of keloids. In
comparison with healthy skin and normal scars, increased numbers of fibroblasts and
endothelial cells have been identified. These results correlate with previous findings of
increased numbers of fibroblasts and microvessels in keloids (Limandjaja et al., 2020). In
addition, we observed an elevated number of cells associated with the neuronal system in
keloids, the Schwann cells. A neuronal involvement in this pathology is not surprising, as
patients frequently suffer from pruritus and pain. Nonetheless, the neuronal system and its
potential pathologic involvement have been scarcely investigated so far. Studies based on
staining of PGP9.5 describe a significantly lower nerve fibre density in keloids compared to
healthy skin (Saffari et al., 2018; Tey et al., 2012). In contrast, Hochman et al. reported a
significant increase of nerve fibres in keloids based on immunohistochemical staining of
S100 to detect neuronal cells (Hochman et al., 2008). These seemingly controversial results
might be explained by the different biomarkers investigated. PGP9.5, also known as UCHL1,
is a neuron-specific cytoplasmic protein and serves as a marker especially for small nerve
fibres (Otsuki et al, 2004; Van Acker et al, 2016). S100 is a family of calcium binding proteins
consisting of 24 members (Donato et al, 2013). They can be subdivided in intracellular, intra-
and extracellular subtypes according to their site of action, and are involved in cell
proliferation and differentiation, programmed cell death, but also cell migration amongst
others (Donato, 2003). Especially S100B has received attention in context with the neuronal
system (Hachem et al, 2005; Rickmann & Wolff, 1995). It is highly expressed in astrocytes,
Schwann cells, melanocytes, Langerhans cells, adipocytes and chondrocytes and supports
the cellular shape, homeostasis and the energy metabolism (Donato et al., 2013) of the cells.
In the peripheral nervous system, S100B has been shown to support the migration of injury-

induced repair Schwann cells (Sbai et al, 2010). Multiple studies proposed S100B as marker
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for melanocytic tumors, breast cancer or neuronal damage, however a concrete qualification
as marker for axons has not been reported (Mcllroy et al, 2010; Mocellin et al, 2008;
Muramatsu et al, 2003; Sindic et al, 1984). Already in 1985, S100B has been mentioned as
factor associated with glial differentiation (Dhillon et al, 1985). The staining depicted in our
study, using PGP9.5 to visualize neurons, corroborates the results of low neuronal density in
keloids. In addition to the PGP9.5 staining, we further visualized neurofilaments to point out
the accurate density of nerve fibres in keloids. Neurofilaments are about 10 nm-thick
intermediate filaments specific for neurons (Schmitt & Geren, 1950). The highest amount of
neurofilaments within a nerve cell was described in the axons, with low levels in the perikarya
and dendrites (Burton & Wentz, 1992). Our staining of S100B additionally showed positivity
of Schwann cells in the dermal area of the skin. Therefore, Hochman et al. presumably were
the first to get a glimpse on Schwann cells in keloids. Together, these studies indicate a
higher reliability of PGP9.5 or neurofilaments to determine the neuronal density in tissues, as
the plain presence of glial cells does not always imply the presence of axons and therefore a

connection with the neuronal system, as shown by our results.

“Love all, trust few, do wrong to none(Shakespeare, 1813)

In 2021, the first scRNAseq works describing the cellular environment in keloids have been
published (Deng et al., 2021a; Liu et al, 2021; Xie et al., 2021). These studies reported
clusters of Schwann cells and neuronal cells but, in contrast to our findings, no significant
difference in the amount of Schwann cells between keloids and the control groups (Deng et
al., 2021a; Liu et al., 2021). We performed comprehensive bioinformatics analysis and found
that the respective control conditions used were responsible for these contradictory findings.
Deng et al. used normal scar as control condition for keloids (Deng et al., 2021a). This
comparison is eminently reasonable, as the keloid has been classified for multiple years as
abnormal scar (Limandjaja et al., 2020; Tan et al., 2019). However, this comparison puts the
keloid inevitably in a developmental connex with normal, atrophic, or hypertrophic scars. This
definition has been defused in the last years and keloids have been considered as fibrotic
disorders of the skin and subcutaneous tissue rather than with scars. This rethinking relies
on the fact that keloids also exhibit several cancer-like characteristics, including excessive,
uncontrolled spreading into healthy tissue, regression failure and a high probability of
recurrence after excision, that are untypical for all other scar types (Limandjaja et al., 2020;
Tan et al., 2019). From the neoplastic point of view, the healthy skin would therefore serve as
a better control for keloid research. Some studies, as the scRNAseq study conducted by Liu
et al., utilized “healthy” skin adjacent to keloids as control tissue (Jumper et al., 2017; Liu et
al., 2021). However, as multiple studies already described significant alterations in the skin

close to the keloid compared to keloid but also to keloid-independent skin, this study setting
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would require an additional control-condition separate from keloids (Appleton et al., 1996;
Erdag et al., 2008; Hahn et al., 2013; Jiao et al., 2017; Liu et al., 2016). We further outlined
this condition specific differences in our cross-study analysis.

“To be, or not to be, that is the question” (Shakespeare, 1954)

Our immunofluorescence confirmed increased amount of Schwann cells in keloids and
uncovered their distinct spindle-shaped, elongated, narrow morphology aligned with the
collagen bundles of the ECM. Their appearance closely resembles the shape of repair
Schwann cells. However, repair Schwann cells are a well-defined subtype and characterized
as Schwann cells arising from myelinating and non-myelinating Schwann cells, induced by
an injury to support the neuronal repair and regeneration mechanisms (Jessen & Mirsky,
2016). The conversion of mature Schwann cells into repair Schwann cells implies several
cellular changes, including dedifferentiation, activation, proliferation and cell migration
towards the opposite nerve stump (Jessen & Mirsky, 2016). Keloidal Schwann cells exhibited
similar features, as we detected several genes associated with Schwann cell precursors or
immature Schwann cells, including nestin, SOX10 and NGFR. We further uncovered an
upregulation of genes associated with cell migration and activation and a downregulation of
genes involved in myelination in keloidal Schwann cells. However, the term “repair Schwann
cell” is designated specifically for Schwann cells that express a defined panel of genes
important for neuronal regeneration (Jessen & Mirsky, 2016). This includes c-JUN as major
key factor, orchestrating the whole dedifferentiation process and the thereby acquired ability
of repair Schwann cells to support functional recovery and to prevent neuronal death (Arthur-
Farraj et al., 2012). C-Jun and also STAT3 were reported to maintain the repair phenotype in
Schwann cells (Arthur-Farraj et al., 2012; Benito et al., 2017). This is factors are required as
long as the regeneration process lasts (Jessen & Mirsky, 2016). Further marker genes
important for the functions of repair Schwann cells are BDNF, GDNF, SHH, OLIG1, and
artemin (Arthur-Farraj et al., 2012; Jessen & Mirsky, 2016). Keloidal Schwann cells, in
contrast show many features similar to repair Schwann cells, but they do express ¢c-JUN and
STAT3 only in specific cluster areas and lack the remaining mentioned characteristic marker

genes.

“Who can control his fate?” (Shakespeare, 1975)

As keloidal Schwann cells cannot be explicitly characterized as repair Schwann cells based
on their transcriptional pattern, other potential options have to be considered. In the early
investigation phase of repair Schwann cells, researchers discussed their findings with the

possibility of more than one specific Schwann cell type arising from myelinating and non-
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myelinating Schwann cells after damage (Jessen et al., 2015). Comprehensive investigations
of the function of repair Schwann cell with respect to their neuronal regeneration potential
leaded to the strict definition of the repair subtype in association with the axonal recovery
(Jessen & Mirsky, 2019b). Over time, the possibility of different repair-associated Schwann
cell subtypes has been increasingly neglected. However, new insights on Schwann cells in
conjunction with our results on keloidal Schwann cells revive this old discussion.

Neuronal damage and the subsequent regeneration have been associated with time-
dependent changes in gene expression. In 2006, Bosse et al. performed a well-structured
analysis of the transcriptional changes at different time points in the distal sciatic nerve
induced by rupture (Bosse et al., 2006). They investigated gene regulation after 5-8 hours,
and on day 2, 4, 7, 14 and 28 following nerve crushes (Bosse et al., 2006). Multiple cellular
functions were associated with the regulated genes that have also been mentioned in context
with repair Schwann cells, as morphogenesis, proliferation, and organization of cell structure
(Bosse et al., 2006). As Schwann cells represent the leading cell population in the peripheral
neuronal repair mechanisms, the majority of genetic changes detected in this bulk
sequencing analysis has been set in context with their injury-induced conversion (Bosse et
al.,, 2006). Juxtaposition of the temporally regulated genes with the according gene
expression of keloidal Schwann cells revealed a set of concordant but also many divergent
regulated genes. As the bulk sequencing analysis of Bosse et al. captured transcriptomic
data from a cellular mix present in the distal nerve, it is not possible to assign these genetic
changes to one specific dedifferentiation process of Schwann cells, which therefore leaves
the possibility of more developmental tracks.

Another study reported a potential variability of activated Schwann cells after peripheral
nerve injury (Clements et al, 2017). Schwann cells from the distal stump revealed
characteristic repair Schwann cell features (Clements et al., 2017). Repair Schwann cells,
intended for the bridge formation between the neuronal stumps, altered their expression
pattern in the moment when they entered the interstice (Clements et al., 2017). The bridge
Schwann cells appeared to be more proliferative than the remaining repair Schwann cells.
The repair Schwann cells on the other side revealed a genetic pattern associated with matrix
production but also with immune signalling and inflammatory mechanisms (Clements et al.,
2017). These findings already indicate developmental differences of Schwann cells even in
close contact to the disrupted nerve.

Strikingly, activated Schwann cells have also been detected in larger distance from the axon.
The research group of Parfejevs et al. even described a direct involvement of peripheral glia
cells (Schwann cells) in wound healing process (Parfejevs et al., 2018). They showed a
cellular reprogramming in addition with proliferation, and invasion of Schwann cells into the

wound area (Parfejevs et al.,, 2018). These Schwann cells originate from myelinating and
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non-myelinating Schwann cells in the skin. They support a proper wound closure and induce
a TGF-R1-mediated differentiation of fibroblasts into myofibroblasts (Parfejevs et al., 2018).
TGF-1, one of the most powerful, pro-fibrotic proteins, has been identified to promote the
proliferation and migration mechanisms of Schwann cells (Clements et al., 2017; D'Antonio
et al., 2006). As extracellular TGF-R1 increases after injury at the wound site, a potential
promoting function in the invasion process of Schwann cells to this area is conceivable
(Mahdavian Delavary et al., 2011). Another indication for an involvement of Schwann cells in
the healing process of skin wounds has been made by Reinisch et al. (Reinisch et al, 2008).
The authors showed a significantly lower amount of Schwann cells in patients suffering from
diabetes mellitus (Reinisch et al., 2008). It is therefore possible that the formation of diabetic
foot ulcers is affected by the lack of Schwann cells. However, further studies on the
involvement of Schwann cells in the healing process of (diabetic) skin wounds in humans are
still required.

These findings indicate various Schwann cell subtypes arising from mature Schwann cells
after injury. This assumption leads us further to question the actual terminology of “repair
Schwann cells” so far associated with the neuronal regeneration, as Schwann cells involved
in wound healing also contribute to a repair process. We therefore suggest a
subcategorization of repair Schwann cells (e.g. fibrotic-repair Schwann cells, regenerative-

repair Schwann cells, or bridging-repair Schwann cells).

“Our descent, then, is the origin of our evil passions” (Darwin, 1859)

Keloidal Schwann cells exhibit an unusual persistence in the tissue, whereas activated and
dedifferentiated Schwann cells seem to disappear over time after injury. Walison et al.
mentioned re-differentiation into mature Schwann cells or a so far not investigated second,
EMT-mediated mechanism as potential fading options for Schwann cells located in the
wound area (Silva et al, 2018). This time-dependent decrease of Schwann cells at the wound
site would be in line with our detected low amount of Schwann cells in mature scars. In
contrast, repair Schwann cells closely located to the distal stump either differentiate back into
their previous state induced by the contact of a vital axon or die (Sulaiman & Gordon, 2000).
However, a conversion into another cell type might also be conceivable for regenerating-
repair Schwann cells. These results indicate a pathologic mechanism that forces Schwann
cells to persist in the tissue and/or hinders their re-differentiation, cellular conversion, or
death.

The keloid is a continually growing pathologic tissue. As keloidal Schwann cells have been
detected in the whole dermal area of the keloid, there has to be a solid source to provide this
pathologic Schwann cells. One potential option might be the actively dividing Schwann cells

detected within the keloid. However, the number of proliferating Schwann cells was rather
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low and even not detectable in the keloid data generated by Deng et al. and Liu et al..
Another, more likely explanation might be that the spreading keloid constantly irritates the
surrounding intact nerve fibres by alterations in tissue tension, the microenvironment and
cellular composition, leading to a constant activation, dedifferentiation, and invasion of
Schwann cells into the keloid area (Parfejevs et al., 2018). Our finding of an increased
number of keloidal Schwann cells in the surrounding skin adjacent to keloids further supports
this theory.

From a developmental point of view, three options arise for keloidal Schwann cells.
Pseudotime trajectories suggest that keloidal Schwann cells derive from myelinating and
non-myelinating Schwann cells. This finding applies to both, repair and wound-invading
Schwann cells. C-Jun and STAT3, as major factors in the development and for the
maintenance of repair Schwann cells, are upregulated at the very branching point of the
developmental track in the pseudotime and decrease in the direction of keloidal Schwann
cells (Arthur-Farraj et al., 2012; Benito et al., 2017). This corresponds with the reported
decrease of c-Jun following a long lack of axon contact in Schwann cells at the distal nerve
stump (Gomez-Sanchez et al.,, 2017). Keloidal Schwann cells could therefore arise from
repair Schwann cells in consequence of missing attachment to the nerve system and persist
due to the pathologic microenvironment in the keloid. This theory requires a former presence
of nerve fibres in the keloid area, as repair Schwann cells only arise from mature Schwann
cells in the distal nerve stump and also only close to the site of neuronal damage. These
requirements might be given in flat keloids which spread horizontal into the healthy skin, but
not in raising, bulging keloids at the earlobe with limited healthy tissue to expand. For
validation of this theory, single cell data obtained from classical repair Schwann cells would
be necessary to allocate them in the pseudotime trajectory. In contrast, the wound-invading
Schwann cells might be a more reasonable source for keloidal Schwann cells, as they
migrate through the tissue and therefore would be able to invade the neoplastic area of the
keloid or even establish the pathologic spreading (Parfejevs et al., 2018). This cellular
migration is supposed to be triggered by the increased concentration of TGF-31 within the
keloid (Clements et al., 2017; Peltonen et al, 1991). To proof this hypothetical relation, the
transcriptional pattern of Schwann cells supporting a proper wound healing would be
required. As third option, the keloidal Schwann cells could also arise as independent,

pathologic subtype from mature Schwann cells triggered by genetic or external factors.

“It was the nightingale and not the lark” (Shakespeare, 2000)

In the last few years, scRNAseq uncovered multiple biological mechanisms. The method
provides fundamental insights in the tissue composition and allows to identify so far

unrecognized cellular subtypes. This promising approach has been applied to investigate
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various tissue types in healthy and pathologic conditions. However, in case of the healthy
skin varying factors of the method, cell isolation and the individual bioinformatics analyses,
lead to considerable different results (He et al, 2020; Solé-Boldo et al, 2020; Tabib et al,
2018; Vorstandlechner et al, 2020). This scientific discrepancy has been solved by combined
bioinformatic analysis of all skin datasets that resulted in a more precise idea of the actual
cellular environment present in the tissue (Ascension et al, 2021). This complex exploration
has verified the results of the distinct studies, but also reported a more general cellular
classification, detectable throughout all independent datasets (Ascension et al., 2021).
Therefore, we aimed to strengthen the power of our findings through a screening including
datasets generated by other research groups.

Extensive bioinformatics analysis of multiple datasets from healthy skin, normal scar, keloid
and keloid adjacent skin, generated by four independent research groups allowed us to verify
the keloidal Schwann cells as a keloid-specific cell type in a large number of distinct keloid
types. It further paved the way to define a characteristic set of 21 genes to reliable
distinguish keloidal Schwann cells from myelinating and non-myelinating Schwann cells. This
set includes genes associated with matrix formation (collagen type | alpha 1 [COL1A1l],
collagen type VIl alpha 1 [COL7A1], elastin [ELN], IGFBP5, LOXL2, MMP15), cellular
functions as differentiation and migration (CCN3, cysteine and glycine rich protein 2
[CSRP2], insulin-like growth factor binding protein 3 [IGFBP3], LY6/PLAUR domain-
containing protein 1 [LYPD1], SPARC like 1 [SPARCL1], transforming growth factor beta
induced [TGFBI], tropomyosin 2 [TPMZ2]), tumour functions (protein phosphatase 1 regulatory
inhibitor subunit 14b [PPP1R14B], S100 calcium binding protein A16 [S100A16], transgelin
[TAGLN], SH3 domain binding glutamate rich protein like 3 [SH3BGRL3]), but also genes
associated with the neuronal system and nerve development (calbindin2 [CALBZ2], integrin
subunit beta 1 [ITGB1], ectodermal-neural cortex 1 [ENC1], nestin [NES]) (Bernal & Arranz,
2018; Camp & Wijesinghe, 2009; Chen et al, 2014a; Chen et al, 2014b; Deng et al, 2021b;
Fang et al, 2021; Guo et al, 2018; Karamanos, 2019; Lei et al, 2016; Lloyd-Burton &
Roskams, 2012; Masuda et al, 2018; Min et al, 2016; Nie et al, 2021; Park et al, 2014; Shin
et al, 2017; Vallet & Ricard-Blum, 2019; Watanabe et al, 2013; Yager & Nwomeh, 1999;
Yasuoka et al, 2006a; Yasuoka et al, 2009; Yasuoka et al, 2006b). The identified genetic
pattern provides an expressive picture of the keloidal Schwann cells and their functions and
further empowers to identify the potential presence of this profibrotic Schwann cell type in
other fibrotic pathologies, as scleroderma, pulmonary and cardiac fibrosis. Keloidal Schwann
cells further express a large number of other matrix factors as collagen type IV alpha 1
[COL4A1], collagen type IV alpha 2 [COL4AZ2], collagen type V alpha 1 [COL5A1], collagen
type V alpha 2 [COL5A2], collagen type V alpha 3 [COL5A3], collagen type VI alpha 1
[COL6A1], collagen type VI alpha 2 [COL6AZ2], collagen type VIl alpha 1 [COL8A1], collagen
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type Xll alpha 1 [COL12A1l] and tenascin (Theocharis et al., 2016). Some of these are
exclusively expressed in keloidal Schwann cells compared to the remaining cell types. These
findings suggest a crucial involvement of Schwann cells in the pathologic composition of the
ECM in keloids.

Schwann cells as pathologic force have already been described in other diseases. In the
human skin for example, the cutaneous neurofibromatosis 1 (NF1) is driven by Schwann
cells (Mazuelas et al, 2020). A combined analysis of Schwann cells from keloids, healthy skin
and NF1 revealed almost no similarities between the detected Schwann cell populations.
Pseudotime trajectory, however, set mature Schwann cells from the healthy skin as source
for the aberrant Schwann cells in both pathologies. NF1-Schwann cells exhibited an
inflammation-associated phenotype, whereas keloidal Schwann cells showed pro-fibrotic
properties. These data highlight a decreased inflammatory component in keloid tissue that
has also been proven in the general cellular setting. Inflammation has been mentioned as
major impact factor on the extent of fibrosis, especially in hypertrophic scar formation
(Niessen et al., 1999; van der Veer et al.,, 2009). Thereby, chronic inflammation has also
been an often-discussed theory as driving force in keloids (Dong et al, 2013). Our results,
however, stand in contrast to this theory and at least show no pro-active inflammatory
process induced by Schwann cells or inflammatory cells as dendritic cells, macrophages or

T-cells.

“And where two raging fires meet together ...” (Shakespeare, 1998)

A high number of macrophages, as active cellular parts in inflammation and fibrosis, was
detected in keloids. However, the majority of macrophages identified in our datasets were
classified as M2 or at least M1/M2 intermediately polarized, indicating an involvement in the
fibrotic pathomechanism of keloids. These findings confirm the previously reported general
increase of macrophages with a high proportion of M2 macrophages in keloids (Bagabir et
al., 2012a; Boyce et al, 2001; Jin et al, 2018). M2 macrophages display a key regulator in the
dermal wound healing, especially in the remodelling phase (Goerdt & Orfanos, 1999;
Greenlee-Wacker, 2016). They support the production of ECM and are even able to
differentiate into myofibroblasts (Mahdavian Delavary et al., 2011; Wang et al, 2016). Repair
Schwann cells on the other side are known to attract and interact with macrophages to
support myelin degradation, vascularization, and matrix formation at the site of neuronal
damage (Jessen & Mirsky, 2019a). We were able to identify a pro-fibrotic interaction of
Schwann cells and macrophages in keloids. This crosstalk of Schwann cells and
macrophages is established by the secretion of several factors and thereby induces a
pathology-supporting environment similar to a vicious circle. This process involves well-

known proteins that typically occur in wound healing as CCL2, CCL3, TNF-a, MMP9, growth
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arrest specific 6 (GAS6), but also CCN3, IGFBP3 and IGFBP5 as members of the
characteristic expression pattern of keloidal Schwann cells.

One of the strongest regulated genes in keloidal Schwann cells that is also a member of the
cell-type specific expression panel was IGFBP5. Staining of this factor revealed an extensive
presence of IGFBP5 in the extracellular space of keloids, presumably established exclusively
by keloidal Schwann cells. IGFBP5 has been described as an important pro-fibrotic factor in
wound healing of the skin (Yasuoka et al., 2009). It induces the invasion of fibroblasts,
monocytes, NK cells and T cells to the site of injury (Yasuoka et al., 2009). An
overexpression of IGFBP5 was shown to induce an increase in dermal thickness and
thickness of collagen bundles, both characteristic attributes of keloids (Yasuoka et al.,
2006a). Strikingly, this study further revealed that IGFBP5 induced a general increase in
collagen, fibronectin and myofibroblasts in the skin, which are further prominent
characteristics of keloids (Yasuoka et al., 2006a). This insight alone suggests a significant
contribution of the keloidal Schwann cells exclusively producing IGFBP5 to keloid formation.
However, we identified several other factors involved in the pathologic characteristics of
keloids. IGFBP3, another upregulated factor, has been shown to supply anti-inflammatory
features (Min et al., 2016). CCN3, as member of the specific keloidal Schwann cell pattern, is
involved in the attraction of macrophages and additionally promotes the change of M1
macrophages into the M2 type (Chen et al., 2014b). However, the potential effect of CCN3 in
keloids should not be attributed to Schwann cells only, as keloidal melanocytes also exhibit
increased levels of CCN3.

In 2009, Seki et al. showed a contribution of CCL2 in fibrotic process (Seki et al, 2009).
CCL2, also known as MCP-1, is an important factor in healing process of the skin by
recruiting cells to the wound site, especially monocytes/macrophages (Werner & Grose,
2003). The significantly lower levels of CCL2 further might affect the attraction of M1
polarized macrophages to the keloid. CCL2 has also been discussed as factor affecting the
extent of scarring (Ferreira et al., 2006). However, this finding might depend rather on the
cell types attracted by CCL2 than on a direct pro-fibrotic effect (Werner & Grose, 2003). This
is also in line with the reported effect of CCL2 on the regulation of MMP9 (Robinson et al,
2002). Robinson et al. uncovered the stimulating effects of CCL2, but also CCL3 and TNF-q,
on the production of the ECM-degrading MMP9 in monocytes (Robinson et al., 2002). Our
findings of decreased levels of CCL2, CCL3 and TNF-a in keloidal cells, in addition with
significantly lower levels of MMP9, suggest a contribution of this mechanism to the
pathologic ECM composition. The low level of MMP9 in keloids further affects the status of
Schwann cells, as an increase of MMP9 has been described to prevent Schwann cells from
proliferation and dedifferentiation (Kim et al, 2012). Reversely, a lack of MMP9 would

therefore support the altered state of keloidal Schwann cells. Growth arrest-specific 6 protein
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(GASEG) is another factor, that has been described in association with the cellular interaction
of macrophages and Schwann cells (Stratton et al, 2018). GAS6 produced by macrophages
promotes the re-differentiation of Schwann cells once neuronal repair is finished (Stratton et
al., 2018). Decreased level of GAS6 on a genetic as well as a protein level, suggest this
protein as another key player in the pathologic cellular interplay of keloids.

Schwann cells in keloids further revealed a significant upregulation of tumor necrosis factor
alpha-induced protein 6 (TNFAIP6). The product of TNFAIP6 is the hyaluronan-binding
protein TNF-stimulated gene 6 (TSG-6) which has been shown to inhibit the migration of
neutrophils, reduces the expression of neutrophil elastase and pro-inflammatory cytokines
and inhibits the protease network, all features that lead to a decrease in inflammation
(Getting et al, 2002; Lin et al, 2013; Nagyeri et al, 2011). TSG-6 additionally inhibits the
STATS activity in macrophages to support a cellular M2 polarization (Mittal et al, 2016; Wan
et al, 2020). An increase of TNFAIP6 in Schwann cells therefore might induce the reported
reduced inflammation pattern and enhance M2 macrophage phenotype in keloids.

Together, these findings point out a pathologic intermezzo of Schwann cells and

macrophages resulting in a pro-fibrotic, ECM and cell-state modifying vicious circle.

“‘We know what we are, but know not what we may be” (Shakespeare, 1954)

The macrophage subset analysis further identified a macrophage subcluster, expressing
genes characteristic for macrophages as well as fibroblasts. Macrophages are known to
have the potential to trans-differentiate into mesenchymal cells. The conversion can be
induced by IGFBP5, which is also one of the main factors produced by keloidal Schwann
cells (Yasuoka et al., 2009). The finding of the MAC-FB cluster is equivalent to the SC-EC
and SC-FB cell cluster, as scRNAseq analysis also identified specific Schwann cell cluster,
with a transcriptional pattern typical for Schwann cells as well as for endothelial cells or
fibroblasts. A potential of Schwann cells to convert into other cell types has already been
reported (Jessen & Arthur-Farraj, 2019). Especially repair Schwann cells of the distal nerve
stump revealed a high potential for EMT (Clements et al., 2017). We managed to verify the
detected intermediate Schwann cell types by staining. Additionally, the presence of SC-EC in
the cutaneous neurofibromatosis type 1 datasets encouraged these findings. However, a
high amount of Schwann cell seems to be required for a cluster formation of these specific
cellular subtypes in scRNAseq analysis, as datasets of Deng et al. as well as Liu et al. did
not reveal any SC-FB or SC-EC cluster in case of a source exclusive analysis. Additionally,
characteristic genes for EMT and endoMT-like conversion as TWIST1, zinc finger e-box
binding homeobox 1 (ZEB1), ZEB2, snail family transcriptional repressor 2 (SLUG), snhail

family transcriptional repressor 1 (SNAIL) were not expressed in the mentioned Schwann
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cell- or macrophage-intermediate cell cluster (Thiery et al, 2009). However, these findings

would correspond to the increased cellular plasticity in keloid tissue.

“There is nothing either good or bad ...” (Shakespeare, 1954)

The comparability of scRNAseq data sets and the findings still pose a challenging task.
Different protocols for the preparation of single cells, together with changes in the
sequencing method and the bioinformatic calculations in addition with donor variability affect
the final data sets and the results and conclusions. Cellular heterogeneity of a certain tissue
is also a varying component that should receive attention. In case of Schwann cells, a
varying cellular density within the skin has been reported depending on the body site and
potential pathologies (Reinisch & Tschachler, 2012). Already in 2017, van den Brink et al.
elaborated on the detected cluster in their single cell analysis that is primarily a result of the
dissociation protocol (van den Brink et al, 2017). Especially the duration of the dissociation
step appeared to induce significant changes in the transcriptome of some cells, leading to a
strong upregulation of IEG and HSP genes (van den Brink et al., 2017). These changes have
been interpreted as partial activation of cells that reside in a quiescent state in tissue (van
den Brink et al., 2017). Several further studies support the reported results of (Machado et al,
2017; van Velthoven et al, 2017; Wu et al, 2019; Wu et al, 2017) dissociation-induced
alterations in the cellular transcriptome (Adam et al, 2017; Bakken et al, 2018; Lacar et al,
2016). Further important factors affecting the final single cell dataset are the tissue
temperature during the dissociation step and the cellular condition prior the preservation of
the transcriptome (fresh, cryopreserved or methanol-fixed) (Denisenko et al, 2020). However,
depending on the cell type of interest, a faster and more intensive processing can also be
recommended (Denisenko et al., 2020). Cryopreservation of cells results in a decrease of
epithelial cells, whereas methanol fixation leads to an increase leakage of ambient RNA
(Denisenko et al., 2020). All these findings indicate an individual adaption of protocols
depending on the tissue type and intention of the study. The end result of this situation are
multiple datasets, even for the same tissue type, due to individual approaches for
preparation, dissociation and cellular preservation. (He et al., 2020; Solé-Boldo et al., 2020;
Tabib et al.,, 2018; Vorstandlechner et al., 2020). However, as scRNAseq offers the
opportunity to recombine published datasets to investigate new scientific questions, a
standardisation of the tissue pre-procession step would be desirable but inevitably come
along with limitations in certain cell type clusters. Machado et al. identified a genetic stress
signature due to the dissociation step that allow to detect the biased results and to
appropriately adapt the bioinformatics analysis (Machado et al, 2021).

The whole skin dissociation kit is one of the most frequently used enzyme mixture for skin

dissociation in scRNAseq experiments (Ascension et al., 2021; Liu et al, 2021;
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Vorstandlechner et al.,, 2021). As an alternative, tissue dissociation for two hours using
dispase Il and collagenase IV has been reported (Deng et al., 2021a). Regarding an optimal
single cell RNA seq analysis with focus on keloidal Schwann cells, our study suggests the
application of the whole skin dissociation kit for about two hours to isolate keloidal Schwann
cells from the tissue. Focusing on myelinating and non-myelinating Schwann cells, our
findings suggest a prolonged dissociation time to detach the myelinating and non-myelinating
Schwann cells more efficiently from their axons. This results further supports previous
findings from Weiss et al. (Weiss et al, 2018). The activation of Schwann cells located close
and distal of the disrupted nerve occurs immediately after the neuronal damage, leading to a
change in the transcriptional profile within hours (Rotshenker, 2011). We assume that the
same transcriptional changes take place in the excised and dissociated skin tissue isolated
for single cell analysis. Depending on the focus of the analysis, this situation confronts us
with the fact that an isolation of a high amount of mature inactivated Schwann cells is almost
impossible. Therefore, we must decide between a short-term tissue dissociation step with a
low cellular yield and inactivated Schwann cells, or a long-term dissociation step with a high
amount of Schwann cells but in an activated state. Nevertheless, the high numbers of
keloidal Schwann cells in all datasets analysed here imply a much easier isolation of keloidal
Schwann cells, probably due to their axon-independent presence in the tissue. The number
of Schwann cells detected in normal scars varied between the tissue-specific and the
comprehensive analysis. This could indicate an algorithmic phenomenon that cell types,
present in a very low number are neglected in the cluster formation, while favouring the cell
types present in large amounts. For the analysis of rare cell types, our study therefore
suggests to involve at least one independent target cell-rich data set in the analysis for
proper cluster formation. After cluster formation, the cell-rich dataset should be excluded
from the analysis. However, cell characterisation must be proven afterwards as our results
also displayed a certain amount of cluster contamination.

In addition to the dataset variations caused by the tissue pre-processing, the bioinformatics
analysis of scRNAseq data is still not standardized (Slovin et al, 2021). The average
scRNAseq analysis usually consists of multiple consecutive steps as quality control,
normalization, batch effect correction, visualization, unsupervised clustering but also cell
cycle assignment, imputation and smoothing and projection. Following cluster annotation
identification of differentially expressed genes comparing individual cluster combinations and
subsets or pseudotime trajectory calculation can be performed (Andrews et al, 2021).
Andrews et al. mentioned at least two potential tools for each step (Andrews et al., 2021).
This indicates an almost unmanageable number of possible combinations for each analysis.
In addition, multiple standard commands of each tool can be adopted and most of the tools

are continuously developed. Varying UMAP plots or t-SNE graphs with varying numbers of
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clusters, including over-clustering in the worst cases, and inconsistent distribution of detected
cells are the consequence (Andrews et al.,, 2021). For this reason, reported results,
especially in case of excessive clustering or sub setting should be examined critically.
However, the spatial assignment of the main cell types and major transcriptional differences
seem to be independent from the analytic approach. To address this issue, Slovin et al.
recently initiated a trial to standardize analysis or at least to provide up-to-date, ready-to-use
pipelines for scRNAseq (Slovin et al., 2021). Additionally, a verification of the transcriptional
findings by a second method or on protein level is always recommendable. For our
scRNAseq analysis, we applied Seurat as basic package, which is one of the best-
established tools for scRNAseq that additionally provides feasible vignettes for the data set

investigation.
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3.1 Conclusion & future prospects

We provide evidence for the presence of a so far undescribed Schwann cell subtype in the
tissue of keloids. These keloidal Schwann cells reside within the pathological tissue in a
single cellular manner without any contact to axons. The transcriptional profile of keloidal
Schwann cells uncovered their dedifferentiated state with features highly associated with
matrix formation. However, the keloidal Schwann cells show characteristics typical for the
neuro-regenerative “repair Schwann cells”, as a lack of specific cell markers was noticed.
Additional comparison with cutaneous neurofibroma datasets clarified a clear distinction of
keloidal Schwann cells to the pathologic Schwann cells involved in neurofibroma type 1.
In-depth analysis of keloidal Schwann cell and macrophages uncovered a potential
interaction of both cell types, inducing a pathology-supporting state. We therefore suggest
that the crosstalk of pro-fibrotic, keloidal Schwann cells and macrophages as a driving force
in keloid formation and expansion. A comprehensive dataset evaluation obtained by three
independent research groups, confirmed the increased number of pro-fibrotic Schwann cells
in keloids and lead to the definition of a genetic panel specific for this cell type. Variable
dataset combinations further highlight advantages and disadvantages of bioinformatics
analysis of sScRNAseq data and provides important information for the extraction of Schwann
cells from skin tissue.

Our work describes pro-fibrotic Schwann cells as new key-players in keloid formation.
Treatments targeting keloidal Schwann cells to induce a reduction or re-differentiation of
these cells might therefore suggest a novel approach for the therapy of keloids. Based on our
findings, the next step would be to compare the keloidal Schwann cells with repair Schwann
cells gained from the peripheral nerve collected at different time points. SCRNAseq datasets
of these Schwann cells would help to point out transcriptional similarities and differences
between these subtypes und to allocate the repair Schwann cells in a common pseudotime
trajectory. Furthermore, an establishment of keloidal Schwann cell cultures is essential for a
better understanding of their features and to evaluate intercellular effects in co-culture with
other cells. These in vitro models would further support identification and development of

effective treatments.
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4 CHAPTER FOUR: MATERIALS & METHODS

Materials and methods applied in this thesis are described in detail in the respective

publications.
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