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Abstract 

Hypertrophic scars pose a significant medical problem and a substantial global disease burden, and 

effective therapeutic options are insufficient. This thesis aimed to thoroughly explore mechanisms of 

healthy skin and skin scarring, in an attempt to discover new agents to effectively treat hypertrophic 

scars.  

First, we attempted to investigate the diversity of fibroblast subsets in human skin and their role in 

extracellular matrix (ECM) assembly. Using single-cell RNA sequencing, we identified six distinct 

fibroblast clusters, challenging the traditional classification of papillary and reticular fibroblasts. 

Dipeptidyl-peptidase 4 (DPP4)-expressing fibroblasts were found to be the main producers of ECM 

components in human skin, suggesting their potential as targets for anti-fibrotic therapies. 

The second study focused on understanding the mechanisms underlying hypertrophic scar formation. 

Through single-cell analysis of human scars and maturing scars in mice, we found a group of serine 

proteases, including DPP4 and urokinase (PLAU), as potential key players in scar formation. Inhibiting 

these proteases showed anti-fibrotic activity and improved scar quality in mice. 

Finally, we investigated the effects of secreted factors from peripheral blood mononuclear cells 

(PBMCsec) on skin scarring using single-cell analysis. Topical and intradermal application of PBMCsec 

affected the expression of genes involved in pro-fibrotic processes and tissue remodeling, prevented 

TGFβ-mediated myofibroblast differentiation and attenuated exaggerated elastin expression through 

non-canonical signaling inhibition. PBMCsec may have potential as a therapy for skin fibrosis, with elastin 

identified as a shared key player of their antifibrotic action. 

Taken together, we present a comprehensive overview of the gene expression profiles in healthy skin 

and hypertrophic scars. Additionally, we identify two potential novel targets for therapeutic agents, DPP4 

and Urokinase. Moreover, the detailed investigation of PBMCsec provides a promising new therapeutic 

approach for the treatment of hypertrophic scars. 
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Abstract (German) 

Narben und hypertrophe Narben nach Operationen, Verletzungen und Unfällen stellen weltweit ein 

signifikantes Gesundheitsproblem dar. Schmerzen, Jucken und Einschränkung der Beweglichkeit durch 

Narben können die Lebensqualität entscheidend reduzieren. Wirksame Therapien sind kaum verfügbar, 

und die genauen Prozesse und Genexpressionsmuster in (hypertrophem) Narbengewebe sind 

unzureichend beschrieben. In den drei Studien dieser Dissertation werden daher die zellulären 

Mechanismen von hypertrophen Narben völlig neu beleuchtet, und potenzielle neue Wirkstoffe zur 

Therapie von Narben untersucht.  

In der ersten Studie wird die genetische Landschaft, das Transkriptom, gesunder Haut mit besonderem 

Fokus auf Fibroblasten-Populationen genau untersucht, um eine Ausgangsbasis für den Vergleich mit 

Narbengewebe zu schaffen. Es wurde eine neue, auf funktionellen Kriterien beruhende Einteilung der 

verschiedenen FB-Cluster etabliert, sowie ein Dipeptidyl-peptidase 4 (DPP4) -exprimierender Cluster 

beschrieben, der für den Großteil der Produktion von extrazellulärer Matrix (ECM) verantwortlich ist.  

Die zweite Studie verglich nun die Transkriptome von gesunder Haut mit jenem von hypertrophen 

Narben, und identifizierte eine Gruppe von Serinproteasen, unter anderem DPP4 und Urokinase, als 

potenzielle neue Angriffspunkte von Therapeutika für verbesserte Narbenbildung. Die Hemmung von 

DPP4 und Urokinase verhinderte die Differenzierung von fibrogenen Myofibroblasten, und reduzierte die 

übermäßige Ausschüttung von ECM.  

Zu guter Letzt wurde, auf Basis der beiden vorhergehenden Studien, die Wirkung der sezernierten 

Faktoren -das Sekretom- aus bestrahlten peripheren Leukozyten (PBMCsec) auf Narbenbildung 

untersucht. PBMCsec bewirkte ebenfalls eine Hemmung der Myofibroblasten-Differenzierung und 

geringere Ausschüttung von ECM. Zudem übte PBMCsec über eine Hemmung des Abbaus und der 

Reduktion der übermäßigen Ausschüttung von Elastin, sowie durch Interaktion mit dem fibrogenen TGFß 

eine Hemmung auf hypertrophe Narbenbildung aus.  

Zusammenfassend präsentieren wir in dieser Arbeit einerseits eine Basis der Genexpression in gesunder 

Haut und hypertrophen Narben, sowie mit DPP4 und Urokinase zwei potenzielle neue Angriffspunkte 

bzw. Wirkstoffe. Andererseits bietet die genaue Untersuchung von PBMCsec eine vielversprechende 

neue Option für die Therapie hypertropher Narbenbildung.   
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1. Introduction 

1.1. Research in context: Establishing PBMCsec in regenerative medicine 

This thesis comprises a trilogy of studies, ultimately elucidating the effect of the secretome of irradiated 

peripheral blood mononuclear cells (PBMCsec) on skin and scar formation. The use of PBMCsec for 

tissue regeneration has been established in a scientific journey over almost fifteen years in the research 

group of Ankersmit et al., and was developed upon the basis of centuries of research of initial cell 

therapies, stem cells, conditioned medium, the secretome of viable cells, and lastly, resulted in the 

development of PBMCsec. The extensive scientific process of the development of PBMCsec for 

application in regenerative medicine laid the foundation for the pertinent thesis and is thus discussed 

here in closer detail. 

The idea of therapies based upon cell transplantation was studied long ago and was already proposed 

in the nineteenth century. Paul Niehans, a Swiss physician, performed subcutaneous application of 

xenogeneic cell suspensions derived from the endocrine glands, heart, kidney, liver, bone marrow, 

intestinal mucosa, and reticulo-endothelial system into the corresponding organ, to restore the respective 

tissues’ function (1). Among his prominent patients of the so-called “Frischzellentherapie” were Winston 

Churchill, Pope Pius XII, Agha Kahn, and Charles de Gaulle (1). During the late 20th and early 21st 

century, a new interest for the idea of applying stem cells for restoring or engineering pathological tissue 

to re-establish physiological function was re-introduced, and the idea stem cell-based regeneration 

emerged (1). 

In various in vivo animal experimental models, transplantation of autologous or allogeneic stem cells 

showed promising results to regenerate diseased tissue. E.g., Scorsin, Menasché et al. demonstrated 

that intracardial injection of skeletal myoblasts and fetal cardiomyocytes are effective for improving 

postinfarction left ventricular function (2). Subsequently, Kocher et al. demonstrated that human bone-

marrow-derived angioblasts prevent cardiomyocyte apoptosis, enable neovascularization of ischemic 

myocardium, reduce remodeling, and improve cardiac function in rats (3). Similarly, Orlic et al 

transplanted adult bone marrow cells after myocardial infarcts in mice, and found improved ventricular 

function (4, 5). 
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Not only in cardiac regeneration, but also in wound healing and tissue engineering, the use of stem cells  

demonstrated promising results in pioneering works (6). In an early human trial application, Strauer et al. 

applied human autologous stem cells intracoronary after acute myocardial infarction (AMI) to regenerate 

infarcted myocardium (7). Bartsch, Strauer et al. later also applied autologous mononuclear bone marrow 

stem cells in patients with peripheral arterial disease (the TAM-PAD study), and showed significant better 

pain-free walking distance of the transplanted patients (8). Multiple subsequent animal trials continued 

to show promising results in tissue regeneration upon stem cell application (9). However, initial clinical 

trials, such as the randomized controlled trial TOPCARE-AMI, did not show significant left ventricular 

function improvement after intracoronary application of autologous progenitor cells (10). 

Further mechanistical studies found that mesenchymal stem cells engraft and differentiate into 

cardiomyocytes, and also stimulate the proliferation and differentiation of endogenous cardiac stem cells 

(11). Moreover, allogeneic MSCs stimulate the proliferation of endothelial progenitor cells (12). However, 

others reported that only very few of transplanted stem cells embed in the heart, are thus not sufficiently 

biologically relevant, and do not sufficiently explain the observed pro-regenerative effects (1, 13). Wollert 

et al suggested already in 2005, that the factors secreted from the cells, i.e., the secretome, not the stem 

cells themselves, are causing the observed positive effects in tissue regeneration (14). Confirming their 

speculation, Gnecchi et al. in 2005 were among the first to show that paracrine factors released from 

mesenchymal stem cells not only prevent further damage, but are able to promote tissue regeneration 

(15). 

Interestingly, a much earlier work by Holzinger et al. in 1994 first proposed that not only stem cells, but 

also other autologous cells exert pro-regenerative action. Non-healing skin ulcers were treated topically 

with autologous activated mononuclear cells, and the ulcers resolved significantly faster after application 

of these activated cells (16). Putting the pieces of the puzzle together, Ankersmit hypothesized that not 

necessarily the secretome of stem cell is required for pro-regenerative effects, but that also the 

secretome of other, more easily available cell types, e.g., peripheral blood mononuclear cells ( (PBMCs), 

suffices.  
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Thus, in 2009, Ankersmit et al. first demonstrated that the infusion of apoptotic PBMC suspension in a 

rat AMI model attenuated inflammation, led to enhanced homing of regenerative c-kit+ cells, and 

salvaged infarcted myocardium in vivo (17). In the same publication, experimental data indicated that the 

secretome of irradiated PBMCs induced upregulation of cytoprotective components (MMP9, VEGF, IL-

8) in vitro. This experimental finding suggested already in 2007-2008 that the secretome of stressed 

PBMC, and not the cells themselves, caused the regenerative effects described after AMI (17). In a 

subsequent study, Lichtenauer et al. showed that the intramyocardial injection of stressed PBMC 

suspension also improved experimental AMI in a rodent model. Interestingly, the ratio of elastin to 

collagen in the resulting AMI scar tissue was increased (18). The ultimate confirmation that the secretome 

of stressed PBMCs is responsible for the salvaging of hypoxic myocardium after experimental AMI was 

published in 2011. Here, Lichtenauer et al. showed conclusively that only one intravenous application of 

stressed PBMCsec prevented myocardial remodeling and improved left ventricular function in a rodent 

and porcine AMI model (19). 

Subsequently, the pro-regenerative effects of irradiated apoptotic PBMCs were studied in various models 

of tissue damage. To assess its efficacy in wound healing, Mildner et al. topically applied the (non-

irradiated) PBMC secretome in cutaneous wound in mice, and showed that it accelerated wound closure, 

enhanced angiogenesis, and induced cell migration (20). Similarly, Hacker et al. applied PBMCsec in 

porcine burn wounds, which resulted in increased epidermal thickness, higher number of rete ridges, and 

more advanced epidermal differentiation than control, as well significantly more angiogenesis (21). Pavo 

et al. investigated endomyocardial application of secretome of apoptotic PBMCsec on chronic post-

myocardial infarction left ventricular insufficiency in pigs, and again, PBMCsec significantly reduced the 

extent of infarcted tissue and led to a higher cardiac index and myocardial function (22). Altmann showed 

that PBMCsec attenuates neurological damage in rats with focal ischemia (23), and Haider demonstrated 

that PBMCsec ameliorates the outcome after spinal cord injury in rats (24).  

In a first attempt to characterize the mechanisms of action of PBMCsec, Beer et al. closer analyzed the 

gene expression patterns of PBMCs upon irradiation (25). Ionizing radiation induced the release of 

oxidized phosphatidylcholines, microparticles, and exosomes. The most abundantly regulated pathways 
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in PBMCs after irradiation were associated with in pro-angiogenic and regenerative genes, as well as the 

generation of oxidized phospholipids with known pro-angiogenic and inflammation-modulating 

properties. Further in vitro assays demonstrated that the protein and exosome fraction of the secretome 

enhanced cell mobility, however, secreted lipids and microparticles alone did not exert these effects, but 

only the combined secretome (25). In a further step to characterize all beneficial properties of PBMCsec, 

Kasiri et al. confirmed that PBMCsec possesses intrinsic antimicrobial activity, inhibiting bacterial growth 

from gram-positive as well as gram-negative bacteria. Expression of antimicrobial peptides, e.g. 

angiogenin, cathelicidins, and calprotectin, were increased in the secretome, and again irradiated 

PBMCs again showed stronger antimicrobial activity than that from non-irradiated PBMCs (26). Further 

research by Wagner et al. revealed the separate roles of the components of PBMCsec, and closer 

elucidated the role of extracellular vesicles, proteins, lipids, and miRNA present in PBMCsec. Irradiation 

significantly increased the number and size of extracellular vesicles released from PBMCs; however, this 

study demonstrated that compared to individual PBMCsec subfractions, only the full secretome with all 

subfractions unfolds the regenerative potential (27).  

Further unraveling the composition and activity of PBMCsec, Simader et al. closely investigated the 

modes of cell death after PBMC irradiation, and the contribution of the different cell subpopulations (CD4+ 

and CD8+ T cells, B cells, monocytes, and natural killer cells) to PBMCsec. Similar to Wagner et al., they 

found that not only all subfractions are needed for the full regenerative potential, but also that interactions 

of the cellular subsets are important for the generation of a pro-angiogenic secretome (28). They also 

described that γ-irradiated PBMCs revealed distinct morphological changes, indicating not only apoptotic, 

but also necroptotic cell death. Blocking apoptosis did not inhibit on the pro-angiogenic activity of the 

secretome, however, blocking necroptosis in stressed PBMCs impaired the pro-angiogenic effect (28). 

To prepare PBMCsec for further clinical application, the development of PBMCsec-production according 

to good manufacturing practice-guidelines (GMP) was established, encountering numerous challenges 

along the way (29). A viral safety protocol was prepared, and an ethylene blue-assisted viral reduction 

protocol, lyophilization and gamma irradiation in combination was shown to provide sufficient viral safety 

of GMP-PBMCsec (Figure 1) (30, 31). Aortic ring sprouting, tube formation assays, protein and cytokine 
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profiling were established as potency assays to confirm comparable efficacy of the various batches of 

GMP-PBMCsec (31). These assays demonstrated that PBMCsec displays continuous, equivalent 

potency between batches, and that batch effects are negligible (31). Lastly, toxicity testing in rats and 

pigs confirmed the safety of PBMCsec and showed no major toxicities or signs of local intolerance at 

levels above the intended total human dose (32) When comparing experimentally prepared PBMCsec to 

GMP-according PBMCsec, Beer et al. did not find significant differences in their regenerative effects (25). 

Having conquered all these steps, a Phase I study for the topical application of PBMCsec in cutaneous 

wounds of healthy male volunteers was initiated. In the phase I study, autologous PBMCsec was used, 

thus a viral clearance protocol was not yet necessary. The application of PBMCsec on wounds was 

demonstrated to be safe, and no adverse events occurred; however, wound healing was not improved 

by PBMCsec (33, 34).  

 

Figure 1: The GMP-according preparation of PBMCsec. PBMCs are isolated from leucocyte 

concentrations after blood donations from healthy donors. PBMCs are subsequently irradiated with 60Gy, 

and cultivated at a concentration of 25Mio cells/ml for 24h. Cells are removed, the secretome is filtrated, 

treated with virus inactivation, and lyophilized. Analogically, the placebo for clinical studies is prepared 

by irradiation, filtration, viral clearance and lyophilization of the medium alone (31).  

 

 

After the successful completion of the Phase I study, further pre-clinical evaluation of the possible 

applications of PBMCsec continued. In a rodent epigastric flap model, Hacker et al. demonstrated that 
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PBMCsec enhanced tissue survival, angiogenesis and clinical parameters highlighting a potential use for 

support in reconstructive surgeries (35). Laggner et al. further evaluated the anti-inflammatory properties, 

and showed that PBMCsec is able to reduce activation of mast cells and basophils, and thereby laying a 

promising basis for further studies on the potential use of PBMCsec for treating allergy (36). Explaining 

the salvaging effects of PBMCsec after tissue damage and reperfusion, Klas et al. found that PBMCsec 

attenuated neutrophil extracellular trap (NET)-formation by inhibiting the activation arginine deiminase 4 

(PAD4). NETs usually form an important defense mechanism for the clearance of infections; however, 

increased NET formation has been shown to abolish tissue-regeneration after injury. Thus, PBMCsec 

provides a promising new therapeutic option for conditions resulting from exaggerated NET formation 

(37). In further preparation for intravenous use of PBMCsec, Copic et al. explored the possible effects of 

PBMCsec on vascular endothelial cells and PBMCs, and discovered that PBMCsec not only again exerts 

angiogenic effects, but also possesses a potent anti-proteolytic and barrier-protective effect properties 

on human blood components (38). An overview of all pre-clinical and clinical in vivo studies investigating 

PBMCsec is given in Table 1.  

Species Experimental 
model 

Effects on disease Applicatio
n 

PBMCsec 
source 

References Year 

Rat AMI Reduced infarct size, 
improved functional 
parameters 
 

i.v. syngen (39) 2009 

Rat AMI i.v. syngen (19) 2011 

Rat AMI i.v. syngen (18) 2011 

Pig AMI i.v. syngen (40) 2012 

Mice experimental 
autoimmune 
myocarditis 

Resolution of acute 
inflammation 

i.p. syngen (41) 2013 

Mice Dermal wound Improved wound 
healing 

Topical syngen (20) 2013 

Pig Chronic HF Improved functional 
parameters 

i.m. syngen (42) 2014 

Rat Stroke Reduced infarct size, 
improved 
neurological 
parameters 

i.v. Syngen/human 
GMP viral 
cleared 

(23) 2014 
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Rat Spinal cord 
injury 

Reduced trauma size, 
improved 
neurological 
parameters 

i.p. Human GMP 
viral cleared 

(24) 2015 

Pig AMI Reduced infarct size, 
improved functional 
parameters 

i.v. Syngen GMP 
viral cleared 

(25) 2015 

Pig Burn wound Improved wound 
healing 

Topical Human (21) 2016 

Human Phase I  
Dermal wound 

Safety and tolerability 
(ClinicalTrials.gov 
NCT02284360) 

Topical Human GMP 
autologous 

(34) 2017 

Mouse Dermal wound 
(diabetic mice) 

Improved wound 
healing 

Topical Human GMP 
viral cleared 

(27) 2018 

Mouse Flap model Improved flap 
perfusion,  

Topical Human GMP 
viral cleared 

(35) 2020 

Mouse  Contact 
hypersensitivity 

alleviated tissue 
inflammation, 
reduced DC 
maturation, antigen 
uptake, 
lipopolysaccharides-
induced cytokine 
secretion 

Topical Human GMP 
viral cleared 

(43) 2020 

Mouse Ear swelling 
model 

reduced activation of 
mast cells and 
basophils 

Topical Human GMP 
viral cleared 

(36) 2022 

Mouse Scar model Reduced fibrosis, 
attenuated myoFB-
differentiation 

Topical + 
intraderma
l 

Human GMP 
viral cleared 

(44) 2023 

Human Phase II 
Dermal foot 
ulcer  

Efficacy in wound 
healing (EudraCT 
2018-001653-27, 
ClinicalTrials.gov 
NCT04277598) 

Topical Human pooled 
GMP viral 
cleared, 
sterilized 

(30) 2023 

 

Table 1: Pre-clinical and clinical in vivo models of PBMCsec. Modified and updated after Beer et al 2016. 

syngen =same species, autologous =same patient; Human GMP viral cleared = from pooled donors. 

 

During the extensive preclinical investigations, a plethora of modes of action (MOA) of PBMCsec in 

regeneration was defined. In summary, topical PBMCsec enhances reepithelialization by enhancing 

keratinocyte proliferation and migration (20, 21). After local injection or intravenous application, 

PBMCsec prevents NETosis (37), inhibits mast cell and basophile degranulation (36) as well as dendritic 

cell proliferation, maturation and cytokine release (43), and balances macrophage polarization (45). In 
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the various regenerative processes, PBMCsec promotes angiogenesis (20, 27, 35, 46, 47), enhances 

neuronal sprouting and neuritogenesis (23, 24), and modulates the cytokine milieu, tackling pro-

inflammatory cytokines TNFα and IL-6, and enhancing the anti-inflammatory response (39, 48). The 

MOAs are summarized in Figure 2: Mechanisms of action of secretomes in regenerative processes.  

 

Figure 2: Mechanisms of action of secretomes in regenerative processes. Illustration of typical secretome 

administration routes, significant mechanisms of action, and associated signaling pathways supporting 

the improvement of therapeutic secretomes applied topically, intradermally, or subcutaneously in relation 

to wound healing. PBMCSec affects ECM arrangement, cytokine secretion, mechanisms in 

reepithelialization, immunomodulation, macrophage polarization, and adipogenesis, neuritogenesis, and 

angiogenesis (49). Use of graphic permitted according to CC BY 4.0 license. 

Following these extensive pre-clinical approaches, a clinical phase-II (“MARSYAS II”) study was 

launched, investigating the efficacy of PBMCsec in wound healing of chronic diabetic foot ulcers (30). 

(ClinicalTrials.gov Identifier: NCT04277598). The MARSYAS II main study is a multicenter, randomized, 

double-blind, placebo-controlled, parallel group, dose-ranging phase II study to investigate the safety and 
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clinical efficacy of PBMCsec compared with placebo in patients with diabetic foot ulcer (30). After a safety 

lead-in period, the main study includes 120 eligible patients, who receive PBMCsec three times per week 

during the 4-week active treatment period. This clinical study is currently ongoing, expected to be 

completed in August 2023, and results are expected within the next year.  

1.2. Research in context: Skin scarring 

Scars, keloids, and hypertrophic scarring represent a multifaceted medical issue and impose a 

substantial global disease burden (50, 51)., an estimated 100 million individuals are affected by scars 

annually in western countries, comprising 4 million burn scars around and 11 million keloid scars (50). 

The treatment of skin scarring in the USA is associated with an estimated annual market value of 12 

billion dollars, with an additional 25 billion dollars expended on wound treatment in general in 2015 (52). 

Pathological hypertrophic scars or keloids arising from scars can lead to both aesthetic concerns and 

notable functional impairment for the patient, resulting in pain, pruritus, and a diminished quality of life 

(53, 54). In the context of burn wounds, the reported prevalence of pathological scarring ranges from 

30% to 90%, with a higher incidence observed in the black population (55). Keloids or hypertrophic scars 

are characterized by excessive tissue contraction and an abundance of extracellular matrix compared to 

that of normal skin (55).  

For the prevention or treatment of (hypertrophic) scars, often used therapies include topical silicone 

application, compression or massage therapy, laser ablation, surgery, and intralesional injection of 

triamcinolone (TAC), corticosteroids, or 5-Fluorouracil (5-FU) (55, 56). Nevertheless, a significant 

number of these therapeutic modalities lack substantial evidence of their efficacy and safety, and the 

precise mechanisms of action for these treatments remain unclear (57, 58). 

Continuing the long journey of the development of PBMCsec and its extensive mechanistic and pre-

clinical investigation, the author of this thesis wondered whether PBMCsec not only has potential in acute 

damage (e.g., cutaneous wound healing), but also in the setting of chronic tissue dysfunction of skin 

scarring and fibrosis. In their porcine burn model, Hacker et al. investigated the quality of the resulting 

scar tissue after PBMCsec-treated burn injuries. They found that PBMCsec contributes to better scar 

quality, higher elasticity, and less scar stiffness (21). However, the exact mechanisms and the 



10 
 

applicability of PBMCsec in already present, mature scars were hitherto not investigated. As wound 

healing, skin scarring and fibrosis are such complex and evolutionary conserved processes, almost all 

cell types present in skin are involved in their regulation. Thus, the recently available technology of single 

cell transcriptome sequencing (scRNAseq) was established and laid the basis for deciphering the 

interaction of PBMCsec with the various cell types in the skin. This thesis will thus thoroughly discuss the 

skin, wound healing and scarring as the foundation for elucidating the regenerative processes supported 

by PBMCsec in skin scarring.  
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1.3. Human skin 

1.3.1. Epidermis 

As the outermost layer of the skin, the epidermis constitutes the border between the body and the 

environment. Even though it is not the largest organ of the body (59), the skin is crucial in maintaining 

fluid and temperature homeostasis, and protection of organs against pathogens, ultraviolet light, and 

other harmful impact (60, 61). The epidermis consists of a multi-layer epithelium of keratinocytes (KCs), 

and comprises associated structures such as hair follicles, sweat glands and sebaceous glands (61). 

KCs are critical actors in maintaining skin homeostasis, and their differentiation commencing with mitosis 

of the basal stem cells and terminating with shedding as corneocytes, is a tightly controlled process (62, 

63).  

Proliferating basal KCs from the Stratum basale, marked by the expression of collagen 17 and Ki67 (63), 

move upwards through the Stratum spinosum and Stratum granulosum, accumulating KC-specific 

proteins, mainly pro-filaggrin, and ultimately undergo cornification and shed from the Stratum corneum 

(62). The differentiation process is controlled by a calcium gradient, increasing from the Stratum basale 

to the Stratum granulosum, and the decreasing towards the Stratum corneum (62). While lower KCs 

highly express dimerizing keratin 5 (KRT5) and 14 (KRT14), KCs of the spinous and granular layer 

contain more keratin 1 and 10 (63).  

Aside from its barrier function, the epidermis plays a critical role in skin repair in wound healing and 

dermal remodeling. Interfollicular and hair follicle stem cells facilitate re-epithelialization after skin 

wounding (64), and KCs interact with dermal fibroblasts (FBs) by secreting growth factors or instructing 

FBs to secrete growth factors (65). On the basal edge of the epidermis, melanocytes provide protection 

against UV-radiation, and specialized key immune cells, the Langerhans cells (LCs), act as tissue-

resident macrophages as well as antigen-presenting cells of the epidermis (66). 
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1.3.2. Dermis 

Beneath the epidermis, the fibrous dermis supports the epidermis, provides nutrition, strength, and 

elasticity, and contains innervation for pain, vibration, and touch sensation of the skin (67, 68). It consists 

predominantly of extracellular matrix (ECM), and its key cells are FBs (69, 70).  

The dermis is classically categorized into the upper papillary and the lower reticular dermis, with a 

correlating FB classification into papillary and reticular FBs. Papillary FBs are described as smaller and 

spindle shaped, show less alpha-Smooth muscle actin (αSMA) expression, synthesize more 

proteoglycans, but less collagen, and show a high proliferation in vitro (70-72). Reticular FBs have a 

more flattened appearance, contain more αSMA, proliferate slower and secrete more transforming 

growth factor beta 1 (TGFβ1) than papillary FBs (70, 71). FBs are responsible for secretion, organization, 

and breakdown of ECM, mainly collagen and elastic fibers. In healthy papillary dermis, smaller diameter 

collagen fibers are interspersed with elastic fibers, while in reticular dermis, less dense, but larger 

diameter collagen fibers are loosely interwoven with branching elastic fibers, consisting of fibrillin‐rich 

microfibrils and microfibrils with an elastin core (67). Fibrillar Collagen I, the most abundant ECM 

component of the dermis, is secreted as pro-collagen molecules. After proteolytic splitting of the 

propeptides, triple-helical collagen containing short telopeptides on both ends molecules are formed. 

Subsequently, these tiple helices assemble into highly ordered, aggregated collagen fibrils (73). 

Elastin is an insoluble polymer of soluble precursor tropoelastin and is the main component of elastic 

fibers in matrix tissue, providing elastic recoil and resilience in connective tissues. Elastin also plays a 

role in regulating activity of TGFβ1, in cell adhesion, cell migration, and participates in cell signaling (74, 

75). Another key ECM component is fibronectin, which forms a bridge between cell surface receptors 

(e.g., integrins) and compounds such as collagen, proteoglycans, and other focal adhesion molecules, 

and helps to assemble fibrillin-1 into a structured network (75). In both elastic and non-elastic extracellular 

matrices, fibrillins serve as the microfibril core, interact closely with tropoelastin, and act as a scaffold for 

elastogenesis in elastic tissues. (67, 75).  

Fibulins play a role in the development of elastic fibers and are closely linked to elastic fibers, basement 

membranes, and other ECM components. Tenascins are glycoproteins mediating both inflammatory and 
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fibrotic processes to enable effective tissue repair. Cartilage oligomeric matrix protein (COMP) or 

thrombospondin-5 is primarily present in the cartilage, but high levels of COMP are also present in fibrotic 

scars and systemic sclerosis of the skin (67, 75). 

The dermis further contains a variety of other celltypes: endothelial cells, pericytes and smooth muscle 

cells forming blood vessels, lymphatic endothelial cells, dendritic cells, mast cells, macrophages, and T-

cells. Pericytes not only stabilize blood vessels and control capillary flow, but play a key role in wound 

healing and scarring, as they can acquire a fibrotic phenotype (76). Dendritic cells, macrophages, mast 

cells, and T-cells regulate immune response and are in involved in a plethora of skin pathologies e.g. 

psoriasis, atopic dermatitis, contact sensitivity and allergic reactions (68). Moreover, they are considered 

as major drivers of skin scarring and fibrosis by facilitating prolonged inflammation after skin wounding 

(68).  

1.3.3. Adipose tissue and subcutis 

The subcutis, is a layer of adipose tissue located beneath the reticular dermis. The skin contains two 

adipose tissue types: the dermal white adipose tissue (DWAT) which surrounds hair follicles in humans, 

and a deeper layer of subcutaneous white adipose tissue (SWAT). DWAT adipocytes play a crucial role 

in maintaining dermal homeostasis by controlling hair folliculogenesis and promoting wound healing 

through paracrine signaling (77).The growth and shrinkage of DWAT adipocytes are cyclically regulated 

by hair-derived Wnt signaling. Furthermore, dermal adipogenesis is activated in response to bacterial 

skin infection, which triggers the secretion of antimicrobial peptides and serves as an innate immune 

defense mechanism (77). 

1.4. Wound healing 

1.4.1. Acute response – “the second burn” 

Immediately after tissue damage, coagulation cascades, inflammatory pathways and immune response 

are activated to prevent blood and fluid loss, infection, and to remove dead tissue (78, 79). After formation 

of a platelet and, later, a fibrin clog, neutrophils are first recruited to the wound by complement activation. 

Two to three days later, they are followed by monocytes, which then differentiate into macrophages clear 

up cell debris, and secrete cytokines, coordinating the further inflammatory response (78, 79) (Figure 3).  
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The immediate response to the initial trauma is coordinated by numerous “danger-sensing molecules” 

(Danger associated molecular patterns, i.e. DAMPs) of plasmatic defense cascades (e.g., acute phase 

reaction, coagulation cascade, kallikrein-kinin system, complement system) (80, 81). Serum levels of 

DAMPs e.g., high mobility group box 1 (HMGB1), extracellular cold-inducible RNA-binding protein 

(eCIRP), and H3 correspond with increased with disease severity (68).  

Upon tissue injury, the coagulation cascade and kallikrein-kinin system are activated to seal off damaged 

and leaky sub-endothelial structures. The immune system recognizes tissue damage via DAMPs, 

especially the complement system, with its trigger molecules C1q, C3b, and mannose-binding lectine 

(80). DAMPS are produced upon activation by exogenous (microorganisms) or from endogenous triggers 

(injured and apoptotic cells), the complement cascade detects DAMPs and transmits the danger signal 

to the cellular defense, resulting a specific cellular signaling and an effective immune response to 

ultimately eliminate exogenous and endogenous danger (80). DAMPs further fuel pro-inflammatory 

cytokine and chemokine production by macrophages and other immune cells, leading to abundant 

neutrophil infiltration into the tissue. Activated neutrophils produce reactive oxygen species (ROS), 

inducible nitric oxide synthase (iNOS), and NETs which contain noxious molecules, further fueling tissue 

inflammation and injury in sepsis (81). In burn injuries, the “zone of coagulation” represents the core burn 

area of the primary injury (82). The adjunct “zone of stasis“ is characterized by decreased tissue 

perfusion, which is potentially salvageable. However, acute inflammation and additional damage such as 

prolonged hypotension, infection, or oedema can result in complete tissue loss (82). 

Upon extensive tissue injury, such as polytrauma or burns, an additional trauma (“second hit”) such as 

extensive surgical procedures, anesthesiological interventions (“iatrogenic load”), or additional stress 

(e.g., hypoxia, hypothermia, microbiological invasion), the danger response may aggravate. This second 

hit response is characterized by an uncontrolled and excessive release of pro-inflammatory cytokines, 

chemokines, neuromodulators, heat shock proteins, and oxygen radicals, which is clinically reflected in 

the Systemic inflammatory response syndrome (SIRS) or sepsis (80).  
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1.4.2. Inflammation and new tissue formation 

After 2-10 days, keratinocytes, stimulated by hepatocyte growth factor (HGF), fibroblast growth factor 7 

and 10 (FGF7/10) and transforming growth factor α, begin to migrate over the granulation tissue. Next, 

angiogenesis, stimulated by vascular endothelial growth factor A (VEGFA) and fibroblast growth factor 2 

(FGF2 or bFGF), begins. Subsequently, FBs are attracted to the wound edge, partially differentiate into 

myofibroblasts, and begin deposition of ECM (78, 79).  

Except during the embryonic stages, when an inflammatory or thrombotic response is not yet possible, 

tissue damage is always associated with inflammation (83). Tissue damage with subsequent cell death 

leads to inflammation, and vice versa, a process which was named “necroinflammation”, and 

inflammation is present both in tissue regeneration and fibrotic processes. However, inflammation is not 

mandatory for tissue regeneration and does not necessarily result in fibrosis (83), and the mechanisms 

causing fibrosis are comparable under sterile and non-sterile conditions (83, 84). Necrotic cells or 

damaged tissues release inflammatory stimuli derived from the nucleus, from the mitochondria, from the 

cytosol or from the extracellular matrix. These include factors like High mobility group box 1 protein 

(HMGB1) , DNA, RNA, histones, N-formyl peptides, mitochondrial DNA, ATP, heat shock proteins, S100 

proteins, hyaluronan, biglycan, versican and heparan sulphate. These factors are often summarized 

under the term “danger associated molecular patterns”, or DAMPs, and are recognized by the 

corresponding receptors, the “pattern recognition receptors” (PRR) (83, 84). PRRs include Toll like 

receptors, NOD-like receptors, retinoic acid inducible gene-like receptors and C-type lectin receptors. 

Some of the DAMPs are also called alarmins and possess the ability to promptly recruit monocytes and 

granulocytes by directly binding to chemokine receptors. Typical alarmins are interleukins IL-1, IL-33, 

TSLP, defensins, cathelicidins, among others (83). Bacterial infections trigger a strong and acute 

proinflammatory Th-1 response to clear pathogens, while other tissue destruction requires tissue repair 

and fibrosis to preserve organ function. Several cytokines, e.g. IL25, IL-33 and TSLP promote a Th-2 

immune response, contributing to fibrosis (83, 84)  

1.4.3. Dermal remodeling 

After initial tissue formation, the third stage of wound repair -dermal remodeling- begins 2-3 weeks after 

the injury and persists 1-2 years (78). After healing, a matrix made largely of collagen and other ECM, 
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as well as few cells remain. The majority of the endothelial cells, macrophages, and myofibroblasts 

undergo apoptosis or leave the wound (70, 78). In the early remodeling phase, reticular FBs and 

hypodermal cells populate the wound dermis (85). They produce thick, collagen III fibers in parallel 

organization typical for fibrosis (70, 78). In later stages of remodeling, papillary FBs invade the wound, 

and the immature matrix of collagen III is partially replaced by mature, well-organized collagen I, a 

process mediated by matrix-metalloproteases derived from FBs, macrophages, and endothelial cells (78, 

86). 

Figure 3: Stages of wound repair (87). During the inflammatory phase, hemostasis of wounded area and 

acute inflammation is achieved by secretion of growth factors and cytokines, and subsequently by 

migration of leukocytes in the area. During the proliferative phase, the migration and proliferation of the 

keratinocytes, fibroblasts, endothelial cells, and leukocytes is increased, and the synthesis of ECM, 

angiogenesis and re-epithelialization mechanisms are increased. During Remodeling, collagen III is 

substituted for collagen I, matrix metalloproteinase (MMP) activity is enhanced, provisional endothelial 

cells, fibroblasts, and myofibroblasts undergo apoptosis (87). Use of graphic permitted according to CC 

BY 4.0 license. 

1.4.4. Considerations of differences of human and mouse wound healing 

When studying wound healing and skin scarring, differences between human and mouse skin must be 

considered. Mouse and human have the same layers of cells in epidermis and dermis but differ in 

thickness (88). Human epidermis is thicker, with more cell layers (5-10) and is connected with  the 

underlying tissue, while mouse epidermis is thinner (2-3 epidermal cell layers), and only loosely 

connected with the subcutaneous fascia, whereas human skin is tightly interwoven with subcutaneous 
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fat  (88, 89). In mouse skin, the subcutaneous Panniculus carnosus, virtually absent in human skin, a 

thin layer of muscular tissue, greatly contributes to wound healing. Excisional wounds in mouse heal up 

to 90% via contraction of the Panniculus carnosus, while human wounds heal predominantly by the 

formation of granulation tissue and reepithelialization (88, 89).  

Other differences between mouse and human skin are evident in hematoxylin and eosin (H&E) or 

Elastica van Giessen- (EvG) stainings. In human skin, epidermal Rete ridges intersect dermal papillae 

with the epidermis, while they are absent in mouse skin (90). The presence of  hair follicles in human is 

strongly dependent on the location, but mainly sparse, while they are present with high density in mice, 

and eccrine sweat glands are present in humans, but absent in mice (88). Despite named differences, 

mouse and human wound healing occurs very similar in terms of  the main phases of wound healing, 

homeostasis, inflammation, and remodeling (78, 79, 88), and if these disparities are considered in the 

experimental setup, mouse models for wound healing are still suitable to translate the results to human 

applications (88). Upon injury, healing and full scar maturation takes up to 80 days in mice and rats, while 

human skin takes up to two years to fully remodel (91). 
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1.5. Skin scarring and tissue fibrosis 

1.5.1. Fibrosis 

Fibrosis is defined as any process where functional mesenchymal or parenchymal tissue is replaced with 

fibrillar, collagen-rich ECM (92). Fibrosis is a necessary and fast physiological reaction to tissue damage 

in several organs, e.g. to provide stability to the heart muscle after myocardial infarction, reduce pressure 

on an overloaded kidney, or stabilize lung tissue or skin after injury (92). However, excessive, 

uncontrolled fibrosis leads to impaired organ function, and in its final stages to pain and impaired life 

quality, e.g. in Dupuytren’s contracture (93), keloids or hypertrophic skin scarring (94), scleroderma, 

corneal fibrosis (95), or life-threating diseases e.g. cardiac, renal , pulmonary, or hepatic fibrosis (96).  

1.5.2. Cells involved in fibrotic processes 

Fibroblasts 

FBs are the main cells within connective tissue, they are responsible for synthesizing and organizing 

matrix protein, including collagens, nidogens, elastin, laminins, fibronectin, tenascin, and glycoproteins. 

They are heterogeneous in their origins, molecular markers, and functions, particularly during 

pathological remodeling of organ tissue (97). They are present in de facto every tissue and every organ 

of the body (97, 98). FBs are responsible for producing and remodeling the ECM of tissues, which 

provides structural support and regulates cellular behavior. In the skin, fibroblasts contribute to wound 

healing and skin aging by secreting collagen and elastin fibers. In the lung, fibroblasts play a role in the 

development of fibrosis by depositing ECM proteins in response to injury. In the liver, fibroblasts (also 

called hepatic stellate cells) are involved in liver fibrosis, where they produce and secrete excessive 

amounts of ECM proteins (95). In bone, FBs (also called osteoblasts) are responsible for bone formation 

and remodeling. Fibroblasts are a diverse group of cells with varying functions and phenotypes, which 

can change in response to environmental cues (95). 

Morphologically, FBs are elongated, spindle‐shaped cells, in culture, they adhere substrates and migrate 

over these substrates. However, they can vary considerably in phenotypic expressions and may exhibit 

a variety of shapes and sizes in culture (98). They have multiple embryonic origins: while dermal FBs in 

the dorsal region arise developmentally from the dermomyotome. FBs in the scalp and facial skin 
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originate from the neural crest (98). Dermal FBs in other body sites arise from an undifferentiated 

mesenchyme during fetal development. Fetal dermal fibroblasts are physiologically distinct from their 

adult descendants, and are, in contrast to adult FBs, able to fully regenerate skin without scarring (99-

101).  

In the skin, FBs are traditionally characterized as papillary and reticular FBs. The upper layer beneath 

the dermal papillae, contains papillary FBs, the deeper dermis the reticular FBs. The cell density is 

increased in the papillary dermis, and the thickness of the ECM is increased in the reticular dermis (72). 

In addition, the expression and secretion of several matrix constituents differ in both the layers. Decorin 

and collagen XVI are found in the papillary dermis, whereas versican is associated with the reticular 

dermis (72). However, the traditional skin FB classification was rethought during the last years. 

scRNAseq studies, including our study in Chapter 1, indicate that FB populations are not limited 

exclusively to either reticular or papillary layer. We suppose that these attributions are rather a result of 

the cell isolation process from the skin, as the FBs were harvested from a respective depth of skin layer 

to study the populations  (102, 103). Moreover, different skin subpopulations are found depending on the 

body site. E.g. Tabib et al. found a specific dipeptidyl-peptidase 4 (DPP4) cluster in skin from the upper 

extremity, while these were not found in other datasets from e.g. abdominal skin (98, 102, 103). However, 

across datasets, some human skin FB populations are conserved, and when comparing datasets of 

several authors, three major FB populations, A-C, with 10 major subtypes can be distinguished (104). 

According to Ascension et al., they are characterized by (A) ELN, MMP2, QPCT SFRP2, (B) APOE, C7, 

CYBG and IGFBP7  and C) DKK3, SFRP1, TNMD TNN (104). 

A major challenge in investigating FBs is the lack of reliable cell markers. FBs are isolated from skin by 

consecutive negative selection of immune cells (CD45+, LIN+), endothelial and lymphatic cells (CD31+), 

erythrocytes (CD235ab+), mesenchymal stem cells (MSCs; CD106+), dead cells (DAPI+), (99). A 

proposed pan-FB marker is vimentin, and alleged papillary markers are CD26, NTN1, PDPN, and 

reticular fibroblast markers are ACTA2, PPARγ, CNN1, COL11A1 (99). The characterization of FB 

populations and their markers in the skin was traditionally difficult, as majority of previous studies have 

investigated their functions in vitro. Isolation and culturing of cells strongly affects phenotype and function 
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of FBs (105). Others used mechanical separation to isolate FB populations, e.g. a dermatome to separate 

papillary and reticular dermis to characterize the major FB population in each dermal layer by the 

expression levels of Thy-1 cell surface antigen (THY1) and fibroblast activation protein-alpha (FAP) (99). 

Myofibroblasts 

The hallmark cells of all fibrotic pathologies are myofibroblasts (myoFBs), which are mostly FBs that 

differentiate into myoFBs, or ‘activated FBs’, upon TGFβ1-signaling (95). The processes regulating the 

activation of FBs, the characteristics of myoFBs and their consequences are similar in all fibrotic organ 

pathologies. Thus, it was suggested that myoFB-activation represents a primitive reaction of the body to 

facilitate immediate tissue repair (95). MyoFBs are marked by their expression of thick bundles (“stress 

fibers”) of αSMA (ACTA2) (95), which significantly increases their contractility (106, 107). Smooth muscle 

cells also express αSMA and are contractile, but myoFBs do not express their smooth muscle cell 

markers, e.g. myosin heavy chains, h‐caldesmon, and smoothelin (108). Aside from tissue-resident 

differentiation of FBs to myoFBs, there are several other known sources of myoFBs: epithelial cells during 

epithelial-mesenchymal transition (EMT) and endothelial cells in endothelial to mesenchymal transition 

(EnMT) (109), pericytes (110), and fibrocytes (111). Fibrocytes are peripheral cells expressing FB 

specific markers as well as hematopoietic stem cell markers CD34, and the leukocyte antigen CD45. 

They migrate into damaged tissue and differentiate into myoFBs (112). However, to differentiate into 

αSMA-expressing mature myoFBs, three steps are necessary: 1) mechanical stress caused by changes 

to the ECM including an increase in matrix stiffness, 2) the presence of the ED-A splice variant of cellular 

fibronectin, and 3) the presence of active TGFβ1 (108).  

Aside from TGFβ1, several other cytokines and factors were described to directly activate or enhance 

activation of myoFBs. connective tissue growth factor (CTGF) is a well-studied myofibroblast-inducing 

factor (113), but only acts synergistically with TGFβ1, and does not replace its action (114). Platelet-

derived growth factor (PDGF) alone does not induce myoFBs, inhibition thereof was suggested as 

potential antifibrotic strategy (115).  

Upon their activation, myoFBs secrete significantly more ECM, predominantly collagen I and III, but also 

fibronectin, elastin, fibulin and fibrillin, than quiescent FBs (108). After successful acute tissue repair, 
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myoFBs physiologically undergo apoptosis or become de-activated (95). However, in case of prolonged 

inflammation (108), oxidative stress (116), infection (117) or mechanical strain (118), myoFBs persist, 

and their contractile activity, together with ECM synthesis and degradation, leads to connective tissue 

remodeling, followed by irreversible and long contractures (119).  

Fibrocytes 

Fibrocytes are FB-like cells derived from bone marrow mesenchymal and hematopoietic cells (111, 120). 

Circulating leukocytes infiltrate tissue injured in vivo and gradually acquire the fibrocyte phenotype 

(CD34+CD45+VIM+), produce collagen, and express αSMA (121). The induction of fibrocyte recruitment 

is mediated by chemokine receptors CCR2, CCR5, CCR7, CXCR4, CXCR6, growth factor PDGF-BB 

and Thymic stromal lymphopoietin (TSLP) (83). Other cytokines involved in fibrocyte activation are 

TGFβ1, endothelin-1, IL13, and GM-CSF (83). Moreover, fibroblasts secrete lumican to promote fibrocyte 

differentiation (122). In contrast, Th1-associated cytokines IL2, transforming growth factor (TNFα), 

interferon gamma (IFNγ) and IL12 inhibit the activation of fibrocytes (83). Fibrocytes were found to 

significantly contribute to a plethora of fibrotic pathologies, including pulmonary fibrosis, skin wounds, 

and kidney fibrosis (123-126).   

Pericytes, smooth muscle cells and endothelial cells 

Pericytes are mesenchymal cells ensheathing blood vessels. They are involved in development, 

stabilization, and remodeling of vasculature in homeostasis and during angiogenesis (127, 128). In 

response to injury, pericytes can detach from the vasculature and differentiate into αSMA-expressing 

myoFBs. Stimulation with TGFβ1, PDGF, IL1 or activation of toll-like receptors was found to contribute 

to pericyte-myoFB transition (83, 127). Pericytes were described as myoFB-precursors and contributors 

to collagen-deposition and subsequent fibrosis in the kidney, spinal cord, skin, and skeletal muscle (110, 

127, 129, 130).  

Immune cells  

Immune cells substantially regulate fibrosis by controlling the initial and pathologically prolonged 

inflammatory response to tissue damage. Neutrophils, the first to enter the site of tissue damage, are 
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innate immune phagocytes that are able to secrete web-like chromatin structures,  neutrophil extracellular 

traps (NETs) (131). NETs protect against infection, particularly by large pathogens, and are associated 

with a growing number of immune-mediated pathologies (131). NET-mediated tissue damage is believed 

to promote age-related organ fibrosis (132).  

After neutrophils clear pathogens and debris in the early response, they undergo apoptosis. 

Subsequently, macrophages invade, and clear these apoptotic neutrophils (133). Macrophages are the 

hallmark cells regulating the immune response following tissue damage. They either invade the tissue 

as monocytes that differentiate into macrophages, mediated by cytokines like IL-4, IL-10, IFN-y, IL-13, 

bacterial products like lipopolysaccharides, or proliferate from tissue-resident embryonic-derived 

macrophages (133, 134). Macrophages of the early inflammation phase exert phagocytosis, and 

predominantly display the M1 protein expression pattern and function, which is induced by Th1 cytokines. 

They effectively kill bacteria and release pro-inflammatory cytokines, such as IL1β, IL-12, and TNFα 

(133). Thus, macrophages contribute to wound healing during the inflammatory phase by exerting pro-

inflammatory activity via secretion of inflammatory cytokines and growth factors, antigen-presentation 

and phagocytosis (134). Later during tissue repair, M2-macrophages dominate the macrophage 

population, releasing anti-inflammatory factors IL10, insulin-like growth factor (IGF), PDGF and TGFβ1, 

and promote repair and regeneration (133, 134). Later in wound healing, macrophages stimulate 

keratinocytes, fibroblasts and endothelial cells to enable  reepithelialization, ECM formation, and 

neovascularization during proliferation (134). Macrophages can influence the structure of the ECM in the 

various phases of wound healing by secreting both of degrading enzymes and ECM components (134). 

Thus, macrophages directly and indirectly stimulate proliferation of connective, endothelial and epithelial 

tissue during the proliferative phase. Depletion of macrophages in the early stage of wound healing 

significantly impairs granulation and epithelialization, but results in minimized scar formation (135).  

After minor tissue damage, T-cells play only a minute role in tissue repair and remodeling. However, in 

major tissue damage or prolonged wound healing or infection, T-cells are activated and participate in 

tissue repair (134, 136). Macrophages and T-cells communicate via cytokines and co-stimulators, and 

macrophages facilitate T-cell expansion and differentiation to Th1 and Th2 -cells (134). T-cell activation 
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results in more complex and prolonged wound healing, resulting in necrosis, increased fibrosis, ulcer or 

granuloma formation (134).  

Type 2/Th2-immune response is mediated by interleukins IL4, IL5, IL9 and IL13 from T-helper 2 cells, 

mast cells, basophils and type 2 innate lymphoid cells, and is mainly found in allergic inflammation or as 

response to parasites (137). When type-2 mechanisms become exuberant, they contribute to 

development of fibrosis, however, blockage of type 2 immunity might result in even more harmful type 1 

rebound (137) 

Keratinocytes 

FBs and KCs were demonstrated to closely interact and influence each other during wound healing and 

scar formation in a double-paracrine signaling mode (65). Immediately after wounding, KCs secrete pro-

inflammatory IL-1, which induces the expression of IL-1-responsive genes e.g., keratinocyte growth factor 

(KGF), IL-6, epithelial growth factor (EGF) endothelin-1 in FBs. These factors induce KC proliferation and 

-differentiation, and in later phases of wound healing, shift the cytokine secretion from the early IL-1 

response towards a later TGFβ1-response. Another factor, TGFα, is primarily expressed in KCs and has 

an autocrine effect on KCs in wound healing. Expression of TGFα is upregulated in keratinocytes after 

skin injury. In the early phase response to wounding, nuclear factor kappa b (NFkB)-activity in FBs is 

higher, partially suppressing TGFβ-signaling, and is later decreased (65). 

During wound healing, KCs undergo the process of epithelial-to-mesenchymal transition (EMT). This 

term describes a process during which otherwise sessile epithelial cells undergo phenotypic changes, 

lose cell-cell adhesion and apical-basal polarity, and acquire mesenchymal characteristics to enable cell 

migration. Factors such as fibroblast growth factor (FGF), hepatocyte growth factor (HGF), EGF and 

TGFβ, among others, were found to facilitate EMT (138). EMT enables KCs to migrate across the wound 

and restore the epidermis (138). Lack of reepithelialization by KCs in wounds has dramatic effects on 

subsequent scarring. If wounds are reepithelialized after 2-3 weeks, 22% of the wound sites become 

fibrotic. If reepithelialization occurs later than 21 days, the rate of fibrotic areas increases to 78% (139).  
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1.5.3. Signaling in fibrosis 

TGFβ1 

TGFβ1 constitutes the main driver and central linchpin of all fibrotic processes. It activates several 

precursor cells to myoFBs, suppresses inflammation and epithelial overgrowth, and shows a plethora of 

pleiotropic effects on various cell types during wound healing (96, 140). TGFβ1 is secreted together with 

its latency-associated peptide, and has to be activated to its biological active state, a process that is 

facilitated by a range of agents including cathepsins, plasmin, calpain, thrombospondin, MMPs and 

integrins (96, 127). TGFβ1 exerts its activity via several canonical and non-canonical signaling pathways. 

If a TGFβ ligand binds to the heteromeric TGF-beta I/II receptor, canonical signaling occurs via 

phosphorylation of Smad2/3, formation of complexes with Smad4 and translocation into the nucleus, with 

subsequent positive or negative regulation of transcription via binding sites, enhancers or promotors 

(108, 141). Canonical signaling is tightly controlled via a negative feedback loop by the inhibitors Smad 

6 and Smad 7 (142). Non-canonical, or Smad-independent TGFβ signaling occurs via Jun kinase (JNK), 

p38, MAPK, NFkB, PI3K-Akt-mTOR, and Raf-MEK1/2-ERK1/2, or Rho/Rho-associated kinase (141). In 

fibrosis and wound healing, the most important target genes include PAI1, COL1A1, CCN2, and ACTA2. 

TGFβ coordinates all phases of wound healing and scar formation by regulating keratinocyte migration, 

angiogenesis, conversion of fibroblasts to myofibroblasts, and stimulation of ECM production (140, 141). 

TGFβ1 knockout mice (TGF-β1−/−) exhibit an autoimmune-like inflammatory response that leads to their 

death at around 3-4 weeks of age (143). On the other hand, immunodeficient TGF-β1−/− Scid−/− mice 

showed a major delay in wound healing even at the later stages of healing (143). Also TGFβ-2 receptor 

knockout mice showed defective wound contraction, enhanced re-epithelialization, but also reduced 

dermal scarring (143).  Due to its wide-spread actions, directly targeting TGFβ1-signaling to tackle scar 

formation failed in clinical trials (140, 141). 

 

Growth factors 

Aside from TGFβ, several other growth factors critically regulate wound healing, scar formation and 

fibrosis. EGF, PDGF, FGF, vascular endothelial growth factor (VEGF), platelet derived growth factor 
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connective tissue growth factor (CTGF), the interleukin (IL) and tumor necrosis factor-alpha family are 

critically involved in these processes (144). FGF contains a family of growth factors. FGF-7, or 

keratinocyte growth factor-1 (KGF-1), and its homologue FGF-10, or KGF-2, are both expressed in acute 

wounds. They stimulate proliferation, migration and re-epithelialization Moreover, they facilitate 

transcription of factors involved in the detoxification of reactive oxygen species (ROS) (144). PDGF is 

released from degranulating platelets and is crucially involved in all phases of wound healing by 

stimulation, facilitation of mitogenicity and attraction of neutrophils, macrophages, FBs, and SMCs. 

Moreover, PDGF induces angiogenesis and is involved in blood vessel maturation (144).  

The most important inducer of angiogenesis during wound healing, however, is VEGF-A by promoting 

migration and proliferation of endothelial cells (144). Increased VEGF-signaling was found in 

hypertrophic scars and in keloids. VEGF acts directly by stimulating FB migration, proliferation and 

collagen expression, and indirectly via recruitment of inflammatory cells, and by stimulating protein 

production, adhesion molecules  and mediator production in endothelial cells (145). Vice versa, TGFβ, 

EGF, KGF and PDGF can increase the release of VEGF (144).  

EGF and other member of the EGF group, e.g., heparin binding EGF, transforming growth factor‐alpha 

(TGF‐α), epiregulin, amphiregulin, betacellulin, epigen, neuregulins (NRG1, NRG2, NRG3, NRG4, NRG‐
5, and NRG6), are released by platelets, macrophages, and fibroblasts. EGF plays the most important 

role in reepithelialization by increasing KC proliferation and cell migration in acute wounds (144). 

Activation of EGF-pathways are increased inhuman burn hypertrophic scars, and EGF also controls the 

ECM-equilibrium by regulating the MMP-system. However, animal experiment results are contradicting, 

and the exact role of EGF in the advanced stage of hypertrophic scars is still unclear (146).  

Connective tissue growth factor (CTGF) is a multifunctional heparin binding glycoprotein that affects 

important cellular functions. It is synthesized by FBs and stimulates proliferation and chemotaxis of FBs. 

CTGF expression is increased after injury and is involved in granulation tissue formation, 

reepithelialization, and matrix formation and remodeling (144). These effects are not executed by CTGF 

alone, but synergistic with specific growth factors or through direct interaction with ECM or cell-surface 

molecules. CTGF is significantly enriched in most fibrotic conditions and its expression also markedly 
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increased in hypertrophic scars and keloids (144). It is well-known for its roles in ECM production and 

tissue remodeling. CTGF synergizes the effects of TGFβ-signaling and is thus considered a TGFβ-

downstream modulator in FBs (145, 146).  

Angiogenesis 

Vasculogenesis is the generation of new blood vessels de novo, while angiogenesis describes the 

formation of new blood vessels from preexisting vessels (147). Angiogenesis is initiated by several 

cytokines, most notably VEGF, FGF-2, PDGF, and members of the TGFβ family, as well other factors 

such as cardiac ankyrin repeat protein (CARP) (148). Angiogenesis begins in the proliferative phase 

several days after wounding, and angiogenic capillaries begin to sprout into the fibrin/fibronectin wound 

clot (149). In the granulation tissue, they arrange into a microvascular network, and subsequently, 

collagen content in the granulation tissue increases, resulting in scar tissue. After full wound closure, the 

density of blood vessels diminishes during the remodeling phase (149). Endothelial cells, angiogenic 

cytokines, such as FGF, VEGF, TGFß, angiopoietin, mast cell tryptase, and the ECM environment tightly 

interact in the angiogenic process. Endothelial cell ECM receptors, especially αvß3, an integrin receptor 

binding to fibrin and fibronectin, essentially affect all morphogenetic changes in blood vessels during 

wound repair (149). Additionally, αvß3 is expressed on the tips of angiogenic capillary sprouts invading 

the wound clot, and inhibition of αvß3 prevents formation of granulation tissue (149). The wound ECM 

was shown to affect angiogenesis partially by affecting the expression of integrin receptors (148, 149) 

Wound angiogenesis also appears to be modulated by endothelial cell interaction within the specific 

three-dimensional ECM setting in the wound area (148, 149). Blocking VEGF signaling via antibody 

treatment showed an approximately 50% reduction in peak wound vascularity in adult skin wounds, and 

thus treated wounds also showed a significant reduction in wound scar width. More recent studies have 

suggested an association of robust capillary growth with the development of keloids and  demonstrated 

that hypertrophic scar formation is associated with higher levels of angiogenesis (148).  

Wnt and β-Catenin 

Wnt/ß catenin signaling is involved in a vast number of processes, including embryonic development, 

homeostasis, and self-renewal in adult tissues. An increasing number of studies suggests that Wnt/beta-
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catenin is linked with fibrotic processes (150). Wnt proteins are lipid-modified glycoproteins that function 

through three known pathways, the canonical one of which is Wnt/β-catenin signaling pathway. Wnt 

proteins transmit their signal across the plasma membrane through interacting with the Fzd (“Frizzled”) 

receptor family and members of LRP5/6 (150). Without activation of the Wnt receptor, cytoplasmic beta-

catenin is phosphorylated by axin, adenomatous polyposis coli protein (APC), and glycogen synthase 

kinase (GSK)-3β, and degraded by the proteasome. However, if activated by a Wnt protein binding to a 

receptor, beta-catenin is dephosphorylated and accumulates in the cytoplasm and enters the nucleus. It 

then binds to T cell factor Lymphoid enhancer-binding factor to stimulate the transcription of Wnt target 

genes, including fibrosis-related gene expression, such as fibronectin, matrix metallopeptidase-7 (MMP-

7), plasminogen activator inhibitor-1 (PAI-1), connective tissue growth factor, twist and snail (150, 151). 

Activation of Wnt/b-catenin signaling is upregulated in liver, skin, lung, kidney, and cardiac fibrosis, and 

Wnt was shown to be activated by TGFβ1 and enhance ECM production ocular fibrosis, while Wnt 

inhibition suppresses the TGFβ1 inducing effects in ECM synthesis (95).  

Wnt signaling is controlled by six known Wnt inhibitor families, Dickkopf proteins (Dkks), secreted frizzled-

related proteins (sFRPs), Wnt-inhibitory factor (WIF-1), Wise/SOST, Cerberus, insulin-like growth-factor 

binding protein 4 (IGFBP4), Shisa, Wnt-activated inhibitory factor 1 (Waif1/5T4), adenomatosis polyposis 

coli down-regulated 1 (APCDD1), and TIKI1 (152). In systemic sclerosis, WIF-1 and sFRP were 

downregulated, and mice overexpressing Wnt10b showed subcutaneous fat loss and dermal fibrosis, 

indicating an important role of Wnt signaling in fibrosis (150). The canonical Wnt/β-catenin pathway is 

activated by Wnt1, and thereby also targets a plethora of genes, e.g. connective tissue growth factor 

(151). β-catenin/CTNNB1 is an intracellular scaffold protein that interacts with numerous targets, 

including adhesion molecules, transmembrane-type mucins signaling regulators, and epigenetic or 

transcriptional regulators, and is involved in myoFB activation and organ fibrosis (75). 

Dipeptidyl-peptidase 4 (DPP4) 

Aside from above-mentioned well described signaling pathways involved in fibrosis, a new mediator, 

DPP4, was recently closer investigated for its involvement in fibrotic cell signaling. Rinkevich et al. 

demonstrated that DPP4-positive FBs represent a specific fibrogenic dermal lineage and that inhibition 
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of CD26/DPP4 enzymatic activity during wound healing results in diminished  

dermal scarring in mice (153). 

DPP4 is a cell surface protease classified as a member of the S9 family of proline oligopeptidases, 

capable of cleaving n-terminal dipeptides adjacent to proline or alanine residues. DPP4 is found 

ubiquitously in various cell types, including blood cells, fibroblasts, mesothelial cells, epithelial cells, and 

endothelial cells. Moreover, DPP4 has been identified in numerous organs, such as the placenta, kidney, 

intestines, prostate, gallbladder, pancreas, and liver (154). DPP4 inactivates several biologically active 

peptides by removing the n-terminal dipeptide, cleaving a broad range of substrates, including 

chemokines and vasoactive peptides (155). Moreover, DPP4 also contains binding sites, such as 

adenosine deaminase e (ADA), that bind to components of the ECM, e.g. fibronectin (154). DPP4 tightly 

interacts with T-cells and regulates proliferation, activation, migration, inflammation and autoactivation. 

Moreover, it stimulates T-cell proliferation and promotes TH1 cells as well as proinflammatory factors 

such as IFNγ, IL-6 and tumor necrosis factor-α (154). In the early stages of wound healing, DPP4 inhibits 

the recruitment of macrophages, thereby disrupting the inflammatory response, and gradually slowing 

down the inhibition of macrophages during, leading to higher macrophage count in the wound, which 

subsequently results in increased fibrosis during wound healing (154, 156, 157). 

In the treatment of diabetes mellitus, DPP4 inhibitors (gliptins) are in wide use for control of blood sugar 

levels (158). In several fibrotic pathologies, including cardiac, hepatic, renal, and dermal fibrosis, DPP4 

activity was also found to be altered (159-163) and inhibition of DPP4 activity in animal models attenuated 

fibrosis(156, 157, 164-167). 

Others also reported that inhibition of DPP4-activity tackled ECM secretion and TGFß-mediated pro-

fibrotic effects, indicating a prominent role of DPP4 in wound healing and scar formation (168, 169). 

However, in contrast to mouse studies, reports on the expression and the properties of DPP4 in human 

skin are scarce and inconsistent (99, 102, 170-174). The expression of  DPP4 in skin varies during 

development: while DPP4 was found in mouse papillary dermis during embryonic and early postnatal 

development, adult mice expressed DPP4 mainly in the reticular dermis (175, 176). DPP4 expression in 

FBs of both dermal layers of human skin was described by Tabib et al. (102) who also proposed the 
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existence of a new significant FB population that is defined by the co-expression of DPP4 and secreted 

frizzled related protein 2 (SFRP2) (177, 178). In contrast, Korosec et al. identified DPP4+ FBs mainly in 

the papillary dermis, but also in the reticular dermis (99). 

1.5.4. Extracellular matrix components and their role in fibrosis 

Collagen 

In skin, as in the entire body, type I collagen is the predominant protein in humans. It interacts with cell 

surfaces, other extracellular matrix molecules, and growth and differentiation factors. Almost 50 

molecules were shown to interact with type I collagen (179). Collagens are categorized into several 

groups, with 28 various types of collagens that were discovered. By far, the most common collagens are 

collagen type I through IV, with type I comprising over 90% of the collagen in the human body (180). 

Collagens type I, II, III and V are fibrillar collagens that typically contain a triple-helical domain and are  

up to 300 nm long,  and assemble into highly ordered, long aggregates called fibrils (181). In skin, several 

different collagens are present, mainly collagen I and III, forming a so-called heterotypic collagen matrix 

(181). To form collagen fibrils, the cleavage of globular N- and C-propeptides from procollagen by the 

procollagen N- and C-proteinases is required as a first step (181). Several proteases, including Members 

of the tolloid family of zinc metalloproteinases, bone morphogenetic protein 1 (BMP1), mammalian tolloid 

and tolloid like 1 possess C-proteinase activity, and N-proteinase activity is provided by members of the 

for ‘a disintegrin and metalloproteinase with thrombospondin motifs' (ADAMTS) family partake in this first 

proteolytic step (181). Specifically, ADAMTS2, ADAMTS3 and ADAMTS14 are thus tightly involved in 

collagen synthesis (181).  

After tissue injury, FBs are stimulated by chemokines and growth factors, mainly TGFβ, to secrete 

collagen. Upon activation of FB to myoFBs, they increase the production of collagen, and subsequently 

replace preliminary fibrin-fibronectin wound matrix by a more complex, stable ECM (182). The provisional 

ECM containing Collagen I and III is further degraded by matrix-MMPs during the remodeling phase, 

which in turn are regulated by tissue inhibitors of MMPs (TIMPs) (182). An imbalance of MMPs to TIMPs 

contributes to hypertrophic scar formation. In contrast to normal skin, hypertrophic scars contain more 

collagen fibers, and show a different ECM pattern compared to normal skin. In scar, fiber bundles that 
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are more parallel, thinner, flatter, and organized in a wavy whorl-like pattern (182). Proteoglycans affect 

the ECM structure during remodeling, leading to a looser architecture with larger interfibrillar spaces, 

which further contributes to the altered  

structure of the scar (182). 

Elastin 

Elastic fibers are present in arteries, lung, skin, ligaments, vocal chords, and elastic cartilage. They confer 

the properties of elastic recoil and resilience on all vertebrate elastic tissues, properties that are critical 

to the long-term function of these tissues (183). Only 2-3% of the skin are made of elastin, however, it 

critically contributes to its structure and function. In the skin, collagens and elastin tightly interact, limiting 

the stretchability of elastin fibers (182). Elastin derives from monomeric tropoelastin that polymerize to 

Covalent crosslinks further support the elastin fibers to distribute mechanic forces (182). Despite only 

one human gene present for tropoelastin (ELN), splicing variants can yield at least 13 known isoforms of 

tropoelastin that all vary in structure (184). During embryonic development, tropoelastin levels are 

transcriptionally controlled, and synthetization ceases upon completion of tissue formation. In later life,  

elastin production is not active, unless new tissue formation is required after injury or in pathologies (185). 

Other than its structural function, elastin pivots in cellular signaling. Tropoelastin mediates the adhesion 

of various celltypes, binds to protein and integrin receptors and activates signaling pathways (182, 185). 

In hypertrophic scars, FBs produce less elastin, and elastin levels decrease in the superficial and deep 

dermis (186), resulting in higher stiffness and impaired mobility (182). Elastin and TGFβ tightly interact 

and significantly contribute to (hypertrophic) scar formation. Their interaction is complex: TGFβ is well 

known to foster the expression and synthesis of elastin (187) and stabilize elastin mRNA (187, 188), 

which is believed to be caused by post-transcriptional control of elastin expression (187). Elastic fiber 

degradation can release elastin fragments named elastokines, exerting cytokine-like signaling properties 

(189), that mediate cell signaling via integrin and syndecan receptors, moreover, microfibrils store TGFβ 

family growth factors for later release, in turn further promoting fibrosis (190).  

Fibronectin  
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Fibronectin (FN1) is an abundant soluble constituent of plasma (300 μg/ml) and other body fluids and 

also part of the insoluble extracellular matrix. FN can be divided into two forms, soluble plasma FN and 

cellular FN. Plasma FN is synthesized predominantly in the liver by hepatocytes, and cellular FN is 

expressed by FBs and KCs (182, 191, 192). Fibronectin molecules are the product of a single gene, 

however, the protein can exist in multiple forms that are derived from alternative splicing of a single pre-

mRNA that can produce as many as 20 variants in human fibronectin (191). 

Fibronectin is usually present as a dimer composed of two nearly identical ∼250 kDa subunits linked 

covalently near their C-termini by a pair of disulfide bonds. Each monomer consists of three types (FNI-

III) of repeating units. FNI contains 12 type I repeats, two type II repeats and 15-17 type III repeats, which 

together account for approximately 90% of the FN sequence. Type I repeats are about 40 amino-acid 

residues long and have two disulfide bonds; type II repeats are approximately 60 amino acids  in length 

and two intrachain disulfide bonds; and type III repeats contains 90 residues, but no disulfide bonds 

(191). FN contributes to cell adhesion and migration processes including embryogenesis, host defense, 

blood and can produce 20 different transcript variants (191). In wound healing, both plasma and tissue 

fibronectin are present (192). Upon stimulation by TGFβ, FBs migrate into the wound and facilitate the 

secretion of cellular FN to form granulation tissue. In early stages of wound healing, plasma fibronectin 

binds to platelets to form the fibrin clot. Subsequently, tissue fibronectin binds to integrins, collagens and 

fibrin, newly forming ECM. Additionally, the provisional FN matrix acts as storage for growth factors (192). 

In hypertrophic scars, FN content is increased (182). The fibronectin slicing variant of extra domain A 

(EDA) is upregulated in tissue repair, fibrosis, angiogenesis, and cell migration. EDA was found in 

granules of platelets and contributed to enhanced thrombosis (193). To enable the progression from 

inflammation to the repair phase, EDA is necessary in wound healing. Thus, cellular fibronectin-EDA 

contributes of the preliminary ECM and enables FB migration. It was found to enhance the TGFβ-

mediated differentiation of FBs to myoFBs in hypertrophic scarring, and EDA-deficient mice were unable 

to generate αSMA (182). The fibronectin slicing variant of extra domain B (EDB) assists in regulating the 

fibronectin matrix assembly and regulation of fibronectin-dependent cell growth (182). Cellular and 

plasmatic fibronectin exert different functions during development: knockout of FN during development 

is lethal, and levels of cell-secreted fibronectin drop in aging animals (193). Surprisingly, preventing 
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secretion of cellular FN from FBs prevents scarring after AMI in mice, however, systemic ablation of 

plasma FN does not inhibit clot formation, nor impair skin wound healing (193).  

Proteoglycans  

Glycosylated proteins called proteoglycans consist of a core protein with one or more covalently attached 

glycosaminoglycan-chain(s) (194, 195). The Ser residue is usually bound in the sequence -Ser-Gly-X-

Gly-, where X can be any amino acid residue but proline. The chains are long, linear carbohydrate 

polymers; under physiological conditions, they are negatively charged due to the high content of sulfate 

and uronic acid groups  (194, 195).  

Proteoglycans assist in the formation of a normal, healthy ECM to establish and maintain flexibility, 

strength, and appropriate environment for (skin) cells. Thus, proteoglycans are critically involved in the 

aggregation and organization of fibrous and elastic ECM components, and moreover affect the presence 

of growth factors in the skin, coordinating its turnover and regeneration (196). Proteoglycans can be 

grouped into types according to their size and their glycosaminoglycan chains. The major 

glycosaminoglycans are chondroitin sulfates/dermatan sulfates, sulfate/chondroitin sulfate 

proteoglycans, chondroitin sulfate proteoglycans and keratan sulfates. Moreover, based on their 

structure, location, and function, proteoglycans are sometimes classified into 4 groups: intracellular and 

extracellular proteoglycans, basement membrane, and cell-surface proteoglycans (196).  

Chondroitin sulfates/dermatan sulfates include e.g. decorin (DCN) and biglycan (BGN), and the larger 

aggrecan (ACAN), the major proteoglycan in cartilage (194, 195). Members of the heparan 

sulfate/chondroitin sulfate proteoglycans are e.g. small testican (SPOCK1/2/3), and larger perlecan 

(HSPG2), betaglykan (TGFΒR3, Transforming growth factor beta receptor III) and agrin (AGRN) (194, 

195). Bikunin (AMBP), neurocan (NCAN), versican (VCAN) and brevican (BCAN) are chondroitin sulfate 

proteoglycans, and fibromodulin (FMOD) and lumican (LUM) are members of the family of keratan 

sulfates. Decorin, biglycan, fibromodulin, lumican, ECM protein X (ECMX) and ECM protein 2 (ECM2)  

are considered members of the "small leucine-rich proteoglycan family" (SLRPs)  (194, 195). 

Characteristic SLRPs have a core protein of 40–60 kDa with 10–12 leucine-rich repeat motifs (196). They 
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orchestrate ECM fibril organization, collagen fibril aggregation, and ECM assembly in physiological 

conditions (196). 

Decorin (DCN) is the most important interstitial proteoglycan in human skin. It consist of a 36 kDa core 

protein with single chondroitin sulfate or dermatan sulfate chain (196, 197). Dermal decorin was found 

with minor expression in the epidermis, to a higher degree in the reticular dermis, but was not present in 

the papillary dermis (196, 197).  Decorin binds to type I collagen-binding proteoglycans in human skin 

and is thus a critical regulator of fibrillar components (196, 197). In hypertrophic scarring, the levels of 

decorin and fibromodulin were significantly decreased, whereas biglycan was increased when compared 

with normal skin. In contrast, there was an enhanced expression of biglycan, fibromodulin, and lumican 

in the basement membrane and around basal epithelial cells in skin, but these proteoglycans were absent 

or weakly expressed in HTS (198).  

When the versican-degrading protease ADAMTS5 is knocked out, myoFB-differentiation is enhanced, 

which leads to versican accumulation. This finding indicates that versican regulates wound healing, 

wound contraction and scarring (196). In scar tissue, aggrecan, another extracellular proteoglycan, was 

found, but not in normal skin  (196, 199). Aggrecan was found to prevent the differentiation of FB 

progenitors into mature FBs by inhibiting the migration of cells into the wound. Thus, it was suggested 

as a target for future therapies to prevent scar formation (196, 199). 

Other proteoglycans found associated with fibrosis is syndecan-1 (SDC1) and SLRPs are biglycan, 

lumican, decorin, dermapontin and fibromodulin. Biglycan and lumican are upregulated in fibrosis 

whereas both high and low levels of decorin were reported in tissue repair and fibrosis (197, 198).  

Glycoproteins 

Glycoproteins are proteins with covalently attached oligosaccharide chains to amino acid side-chains. 

These proteins are widely present in diverse tissues and include e.g. antibodies, molecules of the major 

histocompatibility complex (MHC), gonadotropins, ABO-blood antigens, structural ECM glycoproteins, 

and many more (200, 201). In the matrisome, thrombospondins, laminins, IGFBPs, tenascins and fibulins 

are member of the glycoprotein family (202-206).  
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The thrombospondin protein family (THSB1-4) are highly evolutionary conserved glycoproteins that bind 

to and interact with various ECM components in a transient or long-term manner. They not only function 

as ECM components, cytokines, adaptor proteins, and chaperones, but also orchestrate collagen 

molecules and their structure, and also bind to several proteases and growth factors (202). They also 

interact with various cell-surface receptors and trigger signaling pathways and phenotypic changes 

(202).The specific thrombospondin signaling depends on the momentary context, but the pleiotropic 

mechanisms affect wound healing and angiogenesis, changes of the vasculature, connective tissue 

organization, and formation of synapses (202). 

The members of the family of laminins (LAMA1-5/LAMB1-4/LAMC1-3) are glycoproteins in the epithelial 

basement membrane, and in the basement membrane surrounding fat, muscle and peripheral nerve cells 

(204, 207). The laminin molecules trimerize into large glycoproteins that contain three disulphide-bonded 

chains, and were the first ECM components that were described in the embryonic development (204, 

207). In neuromuscular diseases, alterations of the laminin molecules and the number and localization 

of its homologues were found recently. Laminins mainly control the cell-matrix interaction, but affect 

numerous processes, including cell growth and migration, tumor growth and metastases, neurite 

outgrowth, nerve regeneration, wound repair, and graft survival (204, 207).  

Insulin-like growth factors (IGFs) are essential growth-promoting peptides that act as both endocrine 

hormones and autocrine and paracrine growth factors. In the blood stream and in specific tissues, most 

IGF molecules are bound by one of the IGFBP family members, of which six distinct types exist. As the 

IGFBPs bind to IGF with equal or greater affinity as to the IGF1 receptor, they are thus in an important 

position to regulate IGF signaling globally and locally. Binding to IGFBP increases the half-life of 

circulating IGF and blocks its ability to bind to the insulin receptor (106). Furthermore, IGFBPs bind non-

IGF ligands in the extracellular space, cell membrane, cytoplasm and nucleus, and thereby affect cell 

proliferation, survival, and migration in an IGF-independent manner. transcriptional mechanisms as well 

as by post-translational modifications and proteolysis regulate IGFBP activity (203). The IGFBPs are a 

family of homologous proteins that have co-developed with IGF and confer both functional and tissue 

specificity to the IGF regulatory system. IGFBPs are not simply carrier proteins for IGFs but are pivotal 



35 
 

in interactions with ligands and IGF receptors by influencing both the bioavailability and distribution of 

IGFs in the extracellular environment. In addition, IGFBPs appear to have intrinsic biological activity 

independent of IGFs (106).  

Tenascins are a group of large multimeric ECM glycoproteins. They are transiently expressed after tissue 

injury, where they are predominantly found in the wound edge. In fibrotic processes, however, they were 

found to be consistently upregulated (208). They were found widely expressed in connective tissue of all 

vertebrates, and are classified into four tenascins termed tenascin-C, -R, -X and -W. Each tenascin has 

a specific expression pattern. Tenascins were described as anti-adhesive, adhesion-modulating, or even 

repelling ECM proteins despite exerting modest cell adhesion and not promoting cell spreading in 

comparison to many other ECM proteins (205). Tenascin-C and tenascin-R deficient mice display 

abnormalities in the nervous system and tenascin-C deficient mice, in addition, have regenerative 

deficiency. In tenascin-X deficient mice lacking tenascin, hyperelastic skin much like Ehlers Danlos 

patients was observed (205). 

Tenascin-C supports FB migration within the preliminary fibrin-fibronectin matrices of early wound 

healing. Some parts of the tenascin-C molecule are critical for facilitating cell migration, however, other 

domains prevent FB migration (208). Tenascin-C is temporarily necessary to enable wound healing to 

attract FBs into the wound, but if tenascin-C fragments remain in the wound, they might cause 

exaggerated FB infiltration and thus contribute to fibrosis (208). 

In systemic sclerosis, a complex disease with a pathogenic triad of autoimmunity, vasculopathy, and 

fibrosis of the skin and multiple internal organs, tenascin-C was one of the most highly up-regulated ECM 

proteins in skin and lung biopsies (208). Additionally, tenascin-C is responsible for prolonged FB 

activation, thereby driving progression of fibrosis (208). 

Fibulins (FBLN1/2/5/7) are a family of glycoproteins, like laminins associated with basement membranes, 

but in contrast to laminins are secreted, and also affiliated with elastic fibers, and other ECM components 

(209). They are expressed widely across tissues and interact with many ECM constituents. The seven 

members of the family are characterized by the presence of two structural modules, a tandem repeat of 

epidermal growth factor-like modules and a unique C-terminal fibulin-type module. They act as mediators 
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for cellular processes and intermolecular bridges within the ECM to form supramolecular structures, and 

thus regulate tissue remodeling. These crucial functions of fibulins in a variety of biological processes 

were shown in in vitro systems, gene knockout mice, and human genetic disorders (209). Fibulins have 

an elongated multidomain structure that is dominated by numerous calcium-binding epidermal growth 

factor-like modules, and their isoforms vary considerably in size (50–200 kDa). The activities of fibulins 

involve the binding of integrin receptors, the regulation of cell proliferation and malignant transformation 

(210). TGFβ stimulates fibulin 5 expression, and overexpression of fibulin 5 enhances basal and TGFβ-

mediated activation of p38 mitogen-activated protein kinase and Mitogen-activated protein kinase 3 

(ERK1/ERK2). Moreover, overexpression of fibulins 5 and 3 increase FB DNA synthesis, thus affecting 

FB activation (209).  

Matricellular proteins 

Matricellular proteins form a group of ECM components that do not a primarily form the ECM, but rather 

act as modulators of cell-matrix interactions. Members of the group include e.g. thrombospondins 

(TSP1,TSP2), tenascin-C, as already discussed above, secreted protein acidic and cysteine rich 

(SPARC), centralized coordination network (CCNs) protein family members, periostin, and osteopontin 

(OPN) (211). These molecules participate in a number of processes related to tissue repair, they can 

alter the course of wound healing, and lead to fibrosis (92, 212). The respective functions are highly 

dependent on the context, and the matricellular proteins exert either bind to cell surface receptors or 

directly to other ECM proteins to form a scaffold that can trigger extracellular signaling pathways, 

upregulating inflammatory cytokines and other growth factors (213). It was originally described that 

“classic” matricellular proteins were primarily anti- or de-adhesive (211). SPARC (secreted protein acidic 

and rich in cysteine; BM40, osteonectin), was one of the first described matricellular proteins. The 

SPARC family includes SPARCs, SPARCL1, SMOCs, SPOCKs, and follistatin-like protein-1 (FSTL1) 

(214). The SPARC family members affect a plethora of processes and regulate cytokine activity, inhibit 

cell adhesion and cell-cycle progression, regulate ECM assembly, deposition, and cell differentiation, 

and activate matrix metalloproteinases. In adults, SPARC proteins are only expressed during wound 

healing and remodeling (214).  
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The matricellular gene family of CCNs includes six cysteine-rich proteins, whose first three initials form 

the acronym of the CCN genes: CCN1 (CYR61), CCN2 (CTGF), CCN3 (NOV). Further members are 

CCN4 (WISP1), CCN5 (WISP2), and CCN6 (WISP3) (214). Each one of these genes consists of four 

characteristic domains: insulin-like growth factor-binding protein domain (IGFBP), Von Willebrand issue 

type C domain (VWC), thrombospondin kind-1 repeat module (TSR), and carboxy-terminal cysteine-knot 

(CT) motif (eleven) (214). CCNs are required for embryonic mesenchymal development, and postnatally 

are only active in pathologies, where they assist in collagen stability and ECM organization (214). 

The protein family of small integrin-binding ligand N-linked glycoprotein (SIBLINGs) contains the Matrix 

extracellular phosphoglycoprotein (MEPE), dentin sialophosphoprotein (DSPP), osteopontin (SPP1, 

OPN), and bone sialoprotein (IBSP). Even these matricellular components partake mainly in mineralized 

tissue such as bones and teeth, they also affect and regulate response to injury, cellular 

proliferation/survival pathways, collagen fibrillogenesis, and MMPs activities (214). 

17 proteins form the matrix-gla-family, with matrix Gla-protein (MGP) as its most reknown member. The 

respective gene products are involved in ECM cross-linking and cell migration, adhesion, and 

proliferation in epithelial and endothelial cells, FBs, osteoblasts, and myocytes. In the ECM, MPG is found 

in surrounding chondrocytes or endothelial cells, while POSTN is expressed in osteoblasts, mesangial, 

fibroblasts, mesenchymal, and vascular smooth muscle cells (214). 

Integrins 

A superfamily of cell adhesion receptors called integrins predominantly detects cell-surface ligands and 

ECM ligands (215). They are evolutionary very old and highly conserved adhesion receptors, mediating 

mechanical forces and signaling between cells and the surrounding ECM (216). They contain two 

subunits, α and β, forming a head and two legs that span and bi-directionally transmit signals through 

the plasma membrane(216). At least 18 α and eight β subunits are known in humans (215, 216). The 

mammalian integrins are classified into laminin-binding integrins (α1β1, α2β1, α3β1, α6β1, α7β1, and 

α6β4), collagen-binding integrins (α1β1, α2β1, α3β1, α10β1, and α11β1), leukocyte integrins (αLβ2, 

αMβ2, αXβ2, and αDβ2), and RGD-recognizing integrins (α5β1, αvβ1, αvβ3,  

αvβ5, αvβ6, αvβ8, and αIIbβ3) (215). 
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Integrins produce an intracellular signal after binding an external ligand, and vice versa, signals from 

inside the cell can control their activity (215). Binding to ECM macromolecules induces activation, which 

increases the affinity of individual integrins for ECM ligands and induces clustering of integrins leading 

to immediate effects, up-regulation of lipid kinase activity and phosphorylation of protein substrate (215, 

216). Upon activation, signals are transduced from ECM to the cytoplasm, resulting in outside-in 

signaling. However, affinity regulation plays a role in integrin priming can also result in inside-out 

signaling. This induces the lateral redistribution (clustering) which strengthens adhesion. Activated and 

clustered integrins can then transmit outside-in signaling which can alter cell migration, shape, growth 

and survival (216).  

Integrins α1β1, α2β1, and α11β1 bind to various collagens, including type I and III (91). However, as tight 

alpha helices of the collagen molecules do not allow adequate integrin binding, integrins have only limited 

binging properties under physiological conditions. Like many other matricellular proteins mentioned 

above, integrins thus only actively interact with matrix during development, and during adulthood only 

upon the secretion and assembly of the provisional ECM after tissue damage (91).  

Integrins tightly interact with TGFβ and influence tissue regeneration and wound healing by binding to a 

specific sequence and thus releasing the latent TGFβ- complex and all TGFβ isoforms that are bound in 

the ECM, except for TGFβ2 (193). The TGFβ2 molecule does not contain these specific motifs, thus 

TGFβ2 is liberated from the matrix not by integrins, but rather upon mechanical stimulation (193). When 

experimentally administering antibodies targeting avβ1-integrin, some cell lines are still able to access 

and release latent TGFβ (193). This finding suggests that αvβ1 is the main liberator of ECM-bound TGFβ 

in fibrosis (193). The integrin α11β1acts as prominent collagen I receptor in a subset of dermal FBs and 

is closely involved in TGFβ signaling. Its expression is enhanced in wounds, and was found to interact 

with tenascin X, thereby paving the way for latent TGFβ activation (193).  

Of all integrins, αv were found to be the most important regulators of latent TGFβ activation from tissues. 

All cells express one or more type of αv of integrins, thus, they also drive the activation of FBs and 

promote tissue fibrosis via TGFβ (217). αvβ6 integrin mediates the stress-triggered mechanical release 

of TGFβ from its latent complex, enabling TGFβ paracrine signaling. In turn, the stiffer ECM further 
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enhances the mechanical force onto the bound TGFβ latent complexes, in turn again increasing the 

liberation of TGFβ. This creates a positive feedback loop, further stiffening the matrix and driving fibrosis 

(193). Integrin αvβ5 was also found to contribute to autocrine TGFβ signaling in localized scleroderma, 

and Anti-αvβ5 antibody partially reversed expression levels of type I procollagen and MMP-1 and 

constitutive DNA-Smad3 (218).  

Extracellular matrix remodeling: MMPs and TIMPs  

MMPs are tissue-remodeling and ECM-degrading endopeptidases. The large calcium-dependent zinc-

containing enzyme superfamily includes collagenases, adamalysins, serralysins, and astacins, and 

belongs to an even larger family of proteases known as the metzincin superfamily (219). MMPS are 

secreted by FBs, osteoblasts, macrophages, neutrophils and lymphocytes, and degrade collagens, 

elastin, gelatin, glycoproteins and proteoglycans (219). MMPs typically contain a propeptide of about 80 

amino acids, a catalytic metalloproteinase domain of about 170 amino acids, and linker peptide of 

variable length, called the ‘hinge region’, and a hemopexin domain of about 200 amino acids (220, 221).  

Aside from 13 MMPs that are directly secreted as proMMPs, MMPs are secreted as pre-proenzymes, 

and the signal peptide is removed during translation, generating proMMPs.  Tissue and bacterial 

proteases can activate these proMMPs , and the activation of these zymogens tightly regulates MMP 

activity (220, 221). MMPs display a plethora of different actions, dependent on the substrates, and each 

MMP has distinct biological effects. E.g., MMP1 cleaves collagen I and fibronectin facilitating cell 

migration, keratinocyte migration and reepithelialization. MMP13 also cleaves collagen I and activates 

osteoclasts. MMP2 cleaves chondroitinsulphate proteoglycan, facilitating neurite outgrowth. Several 

MMPs cleave plasminogen, and MMP9 can cleave latent TGFβ and activate it, and also activate latent 

IL-1β, and inactivate active IL-1β (220, 222). MMPs tightly interact with integrins via several mechanisms.  

For example, integrin α1β1 mitigates the expression of MMP13, but activation of integrin α2β1 enhances 

in turn the expression of MMP1 and MMP13 (193). α2β1 enhances NFκB signaling, which also promotes 

the secretion of collagen I (193). When MMP expression increases, this is usually concomitant with more 

FB migration and invasion, further promoting the remodeling of provisional ECM (193). 
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TIMPs are the natural inhibitors and thus counteracting opponents of MMPs, thus also tightly regulating 

ECM remodeling and degradation (223). Aside from MMPs, TIMPs also inhibit ADAMs and ADAMTs. 

Four members of the TIMP family were identified thus far, and TIMPs are capable of inhibiting all known 

MMPs, but the efficacy of MMP inhibition varies with each TIMP (224). While  TIMP-1, TIMP-2 and TIMP-

4 are present in soluble forms, TIMP-3 is tightly bound to the matrix (223). TIMPs exert various functions: 

they were found to promote cell growth, inhibit apoptosis, regulate steroidogenic activity, hematopoiesis, 

and embryogenesis, and prevent angiogenesis (223). However, their key role is regulation of ECM 

remodeling. As TIMPs inhibit the breakdown of ECM, increased TIMP levels result in ECM accumulation 

and fibrosis, while lack of TIMPs leads to increased matrix proteolysis (224). In scars, TIMP-1 and TIMP-

2 are increased while MMP1, MMP2, MMP9 and MMP13 are reduced compared to normal skin. 

Moreover, TIMPs can regulate TGFβ activity in tissues, as they prevent release of TGFβ from the matrix 

by MMPs (223).  

 

 

Proteases 

In tissue remodeling, several serine proteases are critically involved. Serine proteases are ubiquitously 

found enzymes that cleave peptide bonds in proteins with serine serving as the nucleophilic amino acid 

at the active site (225). Urokinase or tissue-type plasminogen activator (PLAU) regulates cellular 

proteolytic degradation of ECM proteins and maintenance of tissue homeostasis by cleaving proMMPs 

to active MMPs and latent TGFβ to active TGFβ. Its most potent inhibitor is plasminogen activator 

inhibitor-1 (PAI-1, SERPINE1), a  member of the serpin serine protease inhibitor gene family Thus, PAI-

1 is crucial for protecting ECM from proteolytic breakdown (226). On the other hand, PAI-1 deficiency 

and pharmacological inhibition of PAI-1 protects against fibrosis in animal models (226). 

Other members of the family of serine proteases involved in ECM remodeling and fibrosis are elastases. 

The family of elastase proteases comprises several different members, namely chymotrypsin-like 

pancreatic elastase (CELA1/2A/2B/2C/3A/3B), also called pancreatic elastase, chymotrypsin (CTRC), 
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neutrophil elastase (ELANE), and macrophage metalloelastase (MMP12) (227). Chymotrypsin-like 

elastase 1 (CELA1), also referred to as pancreatic elastase, (but not expressed in pancreas), is 

expressed in lung epithelial cells and macrophages during development and in lung regeneration (227). 

Cela1 plays a role in stretch-dependent remodeling and fibrotic processes in the lung, particularly  elastin 

fiber organization and function (227).  

Neutrophil elastase (NE) endopeptidase contains serine in the active tripeptide catalytic site: Asp, His, 

Ser, and it is the most abundant of four serine proteases present in neutrophils, others being proteinase 

3, cathepsin G, and neutrophil serine protease 4 (NSP4). NE is a 29.5 kDa protein, and its substrates 

are neutral, non-aromatic dipeptides, and thus a broad array of substrates (228).  It catalyzes the 

degradation of elastin, collagens, fibronectin and laminins, and other plasma proteins, e.g. 

immunoglobulins (227). While neutrophil elastase is hardly present in skin (see Results Chapter 3), it is 

crucially involved in the pathogenesis of chronic lung disease and fibrosis (228). NE is required for 

microbial clearance in the airways, however, if dysregulated, NE facilitates prolonged inflammation, 

impairs the innate immune system, and thus contributes to fibrosis (228).  

Lysyl oxidases (LOX) and LOX-like (LOXL) enzymes also contribute to ECM-stiffening and myoFB 

activation (229). Lysyl Oxidase Like 1 (LOXL1) is required for elastin biogenesis and collagen cross-

linking and polymerizes tropoelastin monomers into elastin polymers. It regulates elastin homeostasis 

and matrix remodeling during injury, fibrosis, and cancer development (229). LOX family members are 

copper dependent monoamine oxidases. LOX and LOXL1 are secreted inactive pro-enzymes, and their 

pro-regions interact directly with the (ECM), directing the deposition of these enzymes onto elastic tissues 

LOX and LOXL1 both regulate in collagen and elastin cross-linking, matrix remodeling in development, 

injury, fibrosis and cancer, but less is known about the function of the other LOX family members (229).  

Thus, irregularities of LOXL1 expression can result in various pathologies due to an imbalance in ECM 

synthesis and degradation. While decreased LOXL1 is causes increased laxity and impaired 

elastogenesis, LOXL1 is a pro-fibrotic factor when overexpressed (229).  LOXL1 deficiency led to 

elastinopathy and has been observed in ocular and systemic disease, skin aging, chronic obstructive 

pulmonary disease, emphysema, and aneurysms. On the other hand, an increase of LOXL1 expression 
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was found in pulmonary fibrosis, liver cirrhosis, and endometriosis (229). Knockdown of LOXL1 inhibited 

TGFβ1 induced fibrotic proliferation, and suppressed expression of other pro-fibrotic MMPs and collagen 

I (230).  

1.6. Human skin scarring: translational aspects 

Patients with (hypertrophic) scars often suffer from reduced mobility, pain, pruritus, and overall reduced 

quality of life (53). Various conservative, pharmacological and surgical treatment options are available to 

treat hypertrophic scars e.g. after (burn ) injury or surgery, however, there is no clear consensus on the 

evidence (56). Conservative treatments and preventive measures to prevent scar hypertrophy include 

scar massage, pressure therapy, silicone gel/dressing application and hydration, sometimes ultrasound 

(56). Pharmacological therapies include injection of corticosteroids, most often triamcinolone (TAC), 5-

flurouracil (5-FU), or verapamil. Triamcinolone is most widely used first-line drug, but was shown to cause 

a series of adverse reactions such as pigmentation and tissue atrophy (58).  

Numerous therapeutic agents to tackle (hypertrophic) skin scarring were investigated in clinical trials. 

However, most of them failed to prove efficacy. E.g., Juvista™ (clinicaltrials.gov: NCT00742443), a 

recombinant TGFβ3 protein, recombinant IL-10 (NCT00984646), and antisense oligonucleotides (EXC 

001; NCT01038297) targeting the expression of connective tissue growth factor (CTGF). Juvista™ failed 

phase III clinical trial in 2011, IL10 showed no efficacy, and clinical trials for EXC001 were ceased in 

2012 with no further update (196). Taken together, although there are numerous methods for treating 

keloids and hypertrophic scars, there is no satisfactory general method for all (53). 

1.6.1. Stem cell-based therapies 

Mesenchymal stem cells (MSCs) are multipotent cells with the ability to regenerate and differentiate into 

a wide range of types. These abilities play key roles in tissue healing and regenerative medicine. In cell 

therapy and tissue engineering, bone marrow-derived mesenchymal stem cells (BMSCs)  

are the most often applied stem cells (135, 231).  MSCs can migrate into injured sites, differentiate into 

local components of injured sites, and secrete chemokines, cytokines, and growth factors that assist in 

tissue regeneration (231). In response to injury signals, BMSCs can move from their location into the 

peripheral circulation and pass through vessel walls to reach target tissues. BMSCs migration is 
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regulated by chemical factors, e.g., the CXCR4-axis, osteopontin, FGF, VEGF, HGF, IGF1, TGFβ, and 

PDGF, but also by mechanical forces such as stretch, shear stress and ECM stiffness (135).  

During the last years, stem cells from bone marrow, adipose tissue, adult blood, cord blood, epidermis, 

and hair follicle have been investigated in numerous preclinical studies and a few clinical pilot studies for 

their efficacy in tissue regeneration, wound healing, and various pathologies (79). MSCs from different 

sources were used in a wide variety of skin diseases in human and in animals. In humans, mesenchymal 

stem cells (MSCs) from bone marrow- and adipose tissue were found to augment repair in skin wounds 

in patients (232-234). MSC are now well recognized therapeutics for skin regeneration and rejuvenation. 

Their application can support collagen and elastin production, tackle MMPs, and attenuate cell damage 

and senescence caused by UV-irradiation (235). 

Autologous adipose-derived cells are often used as treatment for hypertrophic scarring, showing 

promising clinical results (236). They inherently contain adipose-derived MSCs, or stromal cell-derived 

factors, and beneficial are mostly mediated by paracrine signaling, modifying the activity of the 

TGFβ/Smad pathway, and normalizes functioning of FBs and KCs in the recipient scar (236). Adipose-

derived MSCs inhibited cell proliferation and migration and the expression of ECM proteins and 

suppressed the expression  of TGFβ1 in keloid and hypertrophic scar FBs (237).  

As bone marrow- or adipose derived MSC are invasively and difficult to obtain, recent developments in 

reprogramming skin and other differentiated cells into induced pluripotent stem cells (iPSCs) might 

provide an alternative cell source of MSCs (238). Human skin equivalents can be generated from iPSCs, 

and epidermolysis bullosa patients received keratinocyte transplants with COL17A1-reprogrammed 

iPSCs (238). However, FDA-approved cellular therapies use primary human cells, which have strong 

limitations.They are difficult and invasive to obtain, need certified, expensive laboratories, and 

proliferation rates are low (238). For the treatment of skin wounds, there is currently no approved stem 

cell product (238).  

1.6.2. Conditioned medium and cell-free therapies 

The conditioned medium (CM), i.e. the supernatant of cultivated MSCs (MSC-CM) was investigated 

extensively  and was applied intravenously, intraperitoneally, subcutaneously, intradermally, or 
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intralesionally injected or topically applied in both animals and humans (239). MSC-CM was shown to 

improve wound healing, skin rejuvenation, atopic dermatitis, hair restoration, and psoriasis in various 

human and animal experimental settings.  

Moreover, application of MSC-CM decreased hypertrophic scars and flap ischemia in animal models 

(239). MSC-conditioned medium inhibited cell proliferation and migration of hypertrophic scar and keloid 

FBs, and attenuated the proliferative and profibrotic phenotype associated with hypertrophic and keloid 

FBs and inhibit ECM synthesis through paracrine signaling (240). Application of  

secretome/ CM showed improved wound healing, anti-aging effects, improved cell proliferation, 

migration, and angiogenesis, suppress cell apoptosis, and inflammation, as well as reduce oxidative 

stress and immune regulation (234, 239).  

Several studies assessed CM injected mainly subcutaneously (241-243) but also intradermally in wounds 

(239, 244), and several in hypertrophic scar/keloid models (245-247). Other authors  

compared topical application versus the injection of human embryonic stem cell derived endothelial 

precursor cells and thereof CM in cutaneous excisional wound models (248). They authors found that 

the subcutaneous injections is not as effective as the topical application (248). 

A recent review by Bormann et al. extensively lists applications of various applications of cell secretomes 

in dermal wound healing, assessing secretomes from adipose mesenchymal, umbilical cord, antler, 

amniotic mesenchymal and BMSCs (Figure 4) (49). Numerous clinical trials for the use of MSCs in topical 

applications are conducted, many of them for cosmetic and aesthetic purposes but hardly any studies 

were found that investigated the effect of the secretome in human chronic wound healing (49). In contrast 

to the use of cellular therapies, secretomes offer some advantages: secretome-based biologicals can be 

virally pathogen cleared, not necessarily stem cells are needed for their production (i.e., PBMCs), 

enabling easier accessibility, and the secretome of numerous donors can be pooled, thereby smoothing 

our donor variabilities (49).  
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Figure 4: Therapeutic secretomes and their components. Secretomes from various MSCs and their 

components (ADMSC, adipose tissue−derived mesenchymal stem/stromal cell; AMP, antimicrobial 

peptide; AMSC, amniotic mesenchymal stem/stromal cell; ASC, antler stem cell; BMMSC, bone 

marrow−derived mesenchymal stem/stromal cell; EPSC, epidermal stem cell; Exo, exosome; GMSC, 

gingival mesenchymal stem cell; hGF, human gingival fibroblast; lncRNA, long noncoding RNA; mEC, 

mucosal epithelial cell; miR, microRNA; MOA, mechanism of action; MV, microvesicle; ncRNA, 

noncoding RNA; OGD, oxygen glucose deprivation; SDMSC, skin-derived multipotent stem/stromal cell; 

UCMSC, umbilical cord−derived mesenchymal stem/stromal cell; USC, urine-derived stem cell) (49).  

Use of graphic permitted according to CC BY 4.0 license. 
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1.7. Aims of the thesis 

This thesis aims to characterize the potentially beneficial effect of PBMCsec and its mechanisms of action 

in healthy human skin and in (hypertrophic) scarring on a single-cell level. Thus, this thesis aims:  

• The transcriptomic landscape of healthy skin 

to establish the characterization of skin cells, particularly FB subpopulations. As discussed above, 

FB subpopulations are difficult to study, as isolation and cultivation strongly affects their 

properties. scRNAseq first enables unbiased selection and clustering of FB populations without 

prior marker definition.  

• Characterization of hypertrophic scars and identification of promising new drug targets 

to use scRNAseq to investigate gene expression and mechanisms involved in hypertrophic scar 

formation. Although there are several treatment options for hypertrophic scars available, many 

lack evidence of efficacy and safety, and mechanisms of actions are still unclear. Recently, 

several proteases have become the focus of drug development in fibrotic diseases, including 

serine proteases/peptidases such as trypsins and DPP4. However, their role in human scar 

formation and the underlying anti-fibrotic mechanisms are not yet known. Therefore, this study 

aimed to provide a genetic landscape of hypertrophic scar tissue and discover potential novel 

targets for drug development toward scar-free wound healing or regeneration of a present scar. 

• Investigating the anti-fibrotic mechanisms of PBMCsec in skin scarring 

to investigate the potential mechanisms of action of PBMCsec on skin scarring. PBMCsec has 

shown promising results in pre-clinical studies as a potential treatment option for various 

conditions, including wound healing and tissue regeneration. The study used a multi-model 

murine and human approach on a scRNAseq level to unravel the anti-fibrotic activity of PBMCsec 

and provide mechanistic description of its effects. The study aimed to enable the investigation of 

PBMCsec for its future clinical use as a treatment option in skin scarring.  
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2. Results 

2.1. Chapter 1: Deciphering the functional heterogeneity of skin fibroblasts using single‐cell RNA 

sequencing 

The role of dermal fibroblasts (FBs) in skin homeostasis, wound healing, scar formation, cancer invasion, 

and aging has gained increasing attention in recent years. Two distinct populations of dermal FBs, 

papillary and reticular, have been identified based on their anatomical localization in the skin, but recent 

literature suggests heterogeneity in FB populations in the skin, and classification based solely on 

anatomical localization may not be sufficient to understand their specific roles in skin homeostasis and 

tissue regeneration after injury (172). Several markers have been suggested to discriminate between 

papillary and reticular FBs, including DPP4, an enzyme that cleaves a broad range of substrates. 

Previous studies have shown conflicting results on the expression and properties of DPP4 in human skin, 

complicating clinical translation of findings on its role in wound healing and scar formation. 

In this study, we used single-cell RNA sequencing to examine the functional heterogeneity of human skin 

FBs in a manner that mimicked the in vivo scenario. We sought to delineate the complex diversity of FB 

populations in human skin and characterize the DPP4-expressing FB subpopulation in detail, considering 

its presumptive role in wound healing and scar formation. 

Overall, this study adds to our understanding of the heterogeneity of FB populations in human skin and 

provides insights into the potential role of DPP4-expressing FBs in wound healing and scar formation. 

These findings may have implications for the development of new therapies targeting FBs in skin 

diseases.  
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Abstract

Though skin fibroblasts (FB) are the main cell population within the dermis, the 

different skin FB subsets are not well characterized and the traditional classifica-

tion into reticular and papillary FBs has little functional relevance. To fill the gap of 

knowledge on FB diversity in human skin, we performed single-cell RNA sequenc-

ing. Investigation of marker genes for the different skin cell subtypes revealed a 

heterogeneous picture of FBs. When mapping reticular and papillary FB markers, 

we could not detect cluster specificity, suggesting that these two populations show 

a higher transcriptional heterogeneity than expected. This finding was further con-

firmed by in situ hybridization, showing that DPP4 was expressed in both dermal 

layers. Our analysis identified six FB clusters with distinct transcriptional signatures. 

Importantly, we could demonstrate that in human skin DPP4+ FBs are the main pro-

ducers of factors involved in extracellular matrix (ECM) assembly. In conclusion, 

we provide evidence that hitherto considered FB markers are not ideal to character-

ize skin FB subpopulations in single-cell sequencing analyses. The identification of 

DPP4+ FBs as the main ECM-producing cells in human skin will foster the develop-

ment of anti-fibrotic treatments for the skin and other organs.
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1 |  INTRODUCTION

In the past, dermal fibroblasts (FBs) had been considered to 
play a rather marginal role with the exclusive responsibility 
of producing components of the extracellular matrix (ECM), 
such as collagens and elastin.1 In recent years, however, FBs 
have gained increasing attention as their involvement in ma-
trix remodeling during wound healing and scar formation, 
cancer invasion,2 and skin aging has been discovered.3,4

Based on their anatomical localization in the skin, two 
distinct populations of dermal FBs with different shape and 
function, that is, papillary and reticular FBs, have been iden-
tified.1,5-10 While the papillary dermis (uppermost 300 µm) 
displays high cell density, the reticular dermis is character-
ized by a dense ECM network and rather low cell density.5 
The majority of previous studies have investigated their func-
tions in vitro, which strongly affects phenotype and function 
of FBs.11 Recently, other strategies have been employed to 
decipher the roles of papillary and reticular FBs. For instance, 
Korosec et al have used a dermatome to mechanically separate 
papillary and reticular dermis and characterized the major FB 
population in each dermal layer by the expression levels of 
Thy-1 cell surface antigen (THY1) and fibroblast activation 
protein-alpha (FAP).12 Although the so defined populations 
show all characteristics of either papillary or reticular FBs, 
their appearance is not strictly limited to the respective skin 
layer. Furthermore, they showed that the location within the 
dermis affects the expression of various enzymes and likely 
also their function. A study by Tabib and colleagues suggests 
a more diverse picture than initially expected.13 Their work 
revealed, next to several smaller FB populations, the presence 
of two major FB populations in human skin, which do not 
coincide with their location in either the papillary or reticu-
lar dermis.13 Together, recent literature on skin FBs suggests 
FB heterogeneity in the skin, and a sole classification of skin 
FBs based on the anatomical localization into papillary and 
reticular FBs might not be sufficient to fully understand their 
specific roles in skin homeostasis and tissue regeneration 
after injury.

So far, several markers have been suggested to dis-
criminate between papillary and reticular FBs, including 
podoplanin (PDPN), netrin-1 (NTN1), matrix Gla protein 
(MGP),1,5,8 and dipeptidyl peptidase 4 (DPP4).12 DPP4 is an 
enzyme which cleaves a broad range of substrates, including 
chemokines and vasoactive peptides.14 While DPP4 was pre-
viously found in mouse papillary dermis during embryonic 
and early postnatal development, in adult mice DPP4 expres-
sion was mainly located in the reticular dermis.15,16 In con-
trast, Korosec et al have recently demonstrated that DPP4+ 
FBs in human skin are mainly located in the papillary dermis, 
but also detectable at lower levels in the reticular dermis.12 
In addition, Tabib et al13 show DPP4 expression in FBs of 
both dermal layers in human skin, and suggest a novel major 

FB population characterized by co-expression of DPP4 and 
secreted frizzled related protein 2 (SFRP2), a soluble mod-
ulator of Wnt signaling.17,18 However, most of the relevant 
literature on the role of DPP4-expressing skin fibroblasts 
still originates from mouse studies. Rinkevich et al demon-
strated that a distinct DPP4-expressing lineage of FBs in the 
mouse skin was responsible for elevated ECM deposition and 
fibrosis during scar formation.19 Interestingly, inhibition of 
DPP4 activity results in attenuated matrix secretion and re-
duced transforming growth factor beta 1 (TGFB1)-mediated 
pro-fibrotic effects, indicating a prominent role of DPP4 in 
wound healing and scar formation.20,21 In contrast to mouse 
studies, reports on the expression and the properties of DPP4 
in human skin are scarce and inconsistent,12,13,22-26 compli-
cating clinical translation of these findings. Moreover, the ex-
istence of a DPP4+ FB subset responsible for the production 
of the ECM has not been confirmed in human skin so far.

In the present study, we sought to investigate the func-
tional heterogeneity of human skin FBs in a setting mimick-
ing the in vivo situation using single-cell RNA sequencing. 
Considering the presumptive, yet elusive role of DPP4 in 
wound healing and scar formation, we delineated the com-
plex diversity of FB populations in human skin and charac-
terized the DPP4-expressing FB subpopulation in detail.

2 |  METHODS

2.1 | Ethical statement

This study was approved by the ethics committee of the 
Medical University of Vienna (Vote Nr 217/2010), and all 
donors gave written informed consent.

2.2 | Generation of single-cell suspension for 
single-cell RNA sequencing

Skin samples for single-cell RNA sequencing (scRNAseq) 
analysis were obtained from three healthy female donors, 
30, 36, and 43 years old, from surplus trunk skin removed 
during abdominoplasty. From each skin sample, three biop-
sies were taken, enzymatically digested using GentleMACS 
Human Whole Skin dissociation kit (Miltenyi Biotec, 
Bergisch-Gladbach, Germany) for 2.5 hours according to the 
manufacturer's protocol, and processed on a GentleMACS 
OctoDissociator (Miltenyi). Cell suspensions were passed 
through 70- and 40-µm filters, and stained with DAPI-dye 
for 10  seconds. Cells were resuspended in phosphate-buff-
ered saline (PBS) containing 0.04% bovine serum albumin 
and washed twice. Cells were sorted for viability using an 
AriaFusion (BD Biosciences, San Jose, CA, USA) high-
speed cell sorting device.
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2.3 | Single-cell RNA sequencing 
(scRNAseq)

Immediately after cell sorting, the single-cell suspension 
was processed for single-cell separation and cDNA li-
brary preparation. For generation of Gel Bead-in Emulsion 
(GEMs), the 10X Genomics Chromium instrument (Single-
cell gene expression 3′v2, 10X Genomics, Pleasanton, CA, 
USA) was used. Processing of the single-cell suspension to 
a GEM emulsion, library preparation, and RNA sequenc-
ing were performed by the Biomedical Sequencing Core 
Facility of the Center for Molecular Medicine (Center for 
Molecular Medicine, Vienna, Austria). Obtaining biopsies 
and acquiring cell suspensions by Chromium instrument oc-
curred within 3.5 hours. In total, data from ~5000 cells were 
isolated. Sequencing was performed using Illumina HiSeq 
3000/4000 (Illumina, San Diego, CA, USA).

2.4 | Data analysis

Raw sequencing data from all samples were demultiplexed and 
aligned to a reference genome (GrCh38) using the CellRanger 
Fastq pipeline by 10X Genomics. In the fastq-files generated 
by the fastq-pipeline, cell barcodes, and unique molecular 
identifiers (UMIs) were counted using the Cellranger Count 
pipeline to generate a gene-barcode matrix. To compare the 
three donor datasets, the gene-barcode matrices were loaded 
into Seurat individually, integrated with the recommended 
standard workflow, and tested for their donor variations (Data 
not shown). Ultimately, the samples were aggregated in the 
Cellranger Aggregate pipeline, yielding a single gene-barcode 
matrix of all cells as the basis for secondary analysis.

For secondary analysis, the R-package “Seurat” was 
used (Seurat v2, Satija Lab, NYU, New York, USA)27,28 
with R-Studio software in R (The R Foundation, Vienna, 
Austria).29 To remove unwanted variations in the scRNAseq 
data, cells were first analyzed for their UMI and mitochondrial 
gene counts, and cells with low or very high UMI count or 
high percentage of mitochondrial genes were excluded from 
the data set. Data were scaled30 and principal component 
analysis (PCA) was performed. Statistically significant prin-
cipal components (PCs) were identified by visual inspection 
and by using the JackStraw Procedure.31 Based on significant 
PCs, clusters were identified using the Louvain algorithm at 
a resolution of 1.2 and 10 iterations. The preselected PCs and 
identified clusters served as the basis for t-stochastic neighbor 
embedding (tSNE), which visually clusters cells in an unsu-
pervised manner according to the similarity of their PCA sig-
nature. To identify significant changes in expressed genes in 
DPP4+ versus DPP4− FB, all cells assigned to “FB-clusters 
were grouped together, and cells with DPP4-log2 fold change 
higher than 0.5 (scaled data compared to the entire data set) 

were defined as “DPP4+”. Differentially expressed genes in all 
DPP4+ versus DPP4− FBs in multivariate testing were calcu-
lated using the Wilcoxon rank sum test. Adjusted P value was 
calculated by Bonferroni correction based on the total number 
of genes in the dataset. To confirm statistical significance, an 
implementation of the Student's t-test was employed for each 
gene of interest in all DPP4+ versus DPP4− cells.

2.5 | GO-term analysis and functional 
network analysis

For functional analysis of differentially expressed genes, gene 
lists were filtered for significance with adjusted P values 
<.05 (adjusted by Bonferroni correction), and log2 expres-
sion fold changes >0.25. Filtered lists were then submitted to 
ClueGO-tool32 in Cytoscape,33 and GO-term analysis for bio-
logical processes, immune system processes, and molecular 
functions were included in the calculation. The analysis was 
calculated with medium network specificity, GO-term fusion 
was applied and only pathways with P values of <.05 were 
calculated and visualized in the resulting network.

2.6 | Pseudotime and trajectory analysis

To calculate pseudotime values and trajectories, the ‘Seurat’ ob-
ject was converted to a CellDataSet and loaded into Monocle2.34 
Size factors and dispersions were estimated, outliers removed, 
and clustering was performed after tSNE-reduction. As model 
formula input for trajectory construction, differentially ex-
pressed genes between FB clusters were used, and trajectories 
were constructed with DDRTree. Branched expression analysis 
model (BEAM)35 was applied to the branching point, and genes 
with q-value 10−30 were displayed in the heatmap.

2.7 | Isolation of skin cell subsets for 
affymetrix chip analysis

Cells were isolated from abdominal skin as described previ-
ously.36 Briefly, epidermis and dermis were separated by incu-
bation with Dispase II (2,4 U/mL; Roche Diagnostics GmbH, 
Mannheim, Germany) for 18 hours at 4°C. KC, LC, and MC 
were separated from the epidermis by incubation with Trypsin-
EDTA (0.05%; Gibco by Life Technologies, Carlsbad, CA, 
USA) and DNAse I (BD Biosystems) for 30 minutes at 37°C. 
A suspension of dermal cells was prepared by incubation of 
the tissue with Liberase Research Grade (400 μg/mL, Roche 
Diagnostics GmbH, Mannheim, Germany) and DNAse I for 
3 hours at 37°C. Different subtypes of skin cells were puri-
fied by subsequent incubation with the following MicroBeads: 
CD1a MicroBeads, CD117 MicroBeads, CD2 MicroBeads, 
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and CD31 MicroBeads. All MicroBeads were obtained from 
Miltenyi Biotec. Cells were separated on the autoMACS Pro 
Separator according to the manufacturer's protocols. FB were 
obtained as a negative fraction after removal of other cell 
types, including mast cells, schwann cells, T-cells, and en-
dothelial cells from the suspension of dermal cells.

2.8 | Affymetrix gene chip analysis

Total RNA was extracted from the purified cell samples using 
peqGOLD TriFast (VWR International, Radnor, PA, USA) ac-
cording to the manufacturer's instructions. Transcriptome analy-
sis was performed at the Core Facility Genomics of the Medical 
University of Vienna, Austria, using Affymetrix Human Gene 
2.1 ST Array (Thermo Fisher, Santa Clara, CA, USA).

2.9 | Venn diagram

A Venn diagram was constructed using the InteractiVenn 
browser tool.37 Differentially expressed genes of each FB 
cluster compared to the rest of the FBs with log fold change 
>0.25 and adjusted P value <.05 were used.

2.10 | Immunofluorescence staining

Immunofluorescent staining of DPP4 was performed in normal 
human skin using samples of healthy human surplus skin ob-
tained from plastic surgeries (usage approved by ethics commit-
tee Medical University of Vienna Vote Nr 1149/2011). Samples 
were fixed in formalin and embedded in paraffin, or frozen in 
OCT compound using liquid nitrogen for cryosections. Sections 
of 5 µm thickness were used for immunostaining according to 
protocol as described38 with primary and secondary antibodies 
used as listed in Tables S1 and S2. All staining experiments 
were performed with mouse or rabbit IgG as negative control. 
Blocking experiments were done using full-length human DPP4 
protein (ab79138, Abcam, Cambridge, USA). Images were ac-
quired by AX70 microscope (Olympus, Hamburg, Germany) 
using the imaging software MetaMorph (Olympus).

2.11 | RNAScope In situ hybridization

Healthy human skin was formalin fixed and paraffin embed-
ded (FFPE) for RNAScope In Situ Hybridization (Advanced 
Cell Diagnostics by biotechne, Minneapolis, USA) according 
to the manufacturer's pretreatment protocol for FFPE sam-
ples.39 Samples were hybridized with RNAscope probe Hs-
DPP4-CDS-XMm, and signals were visualized by RNAscope 
2.5 HD Assay—RED, and counterstained with hematoxylin 
for 10 seconds. Images were acquired as described above.

2.12 | Magnetic-activated cell sorting of 
DPP4+

 and DPP4
−

 fibroblasts

To isolate DPP4+ FB, we dissociated full-thickness skin  
biopsies with MACS Whole Skin Dissociation Kit as de-
scribed above. Cell suspensions were incubated with rabbit-
anti-human-DPP4 antibodies (see Table S1) for 30 minutes 
at 4°C, washed twice, and incubated with magnetic bead- 
labeled anti-rabbit antibodies (Table S2) for 30  minutes at 
4°C. Cells were washed twice, loaded into an AutoMACS-
device (Miltenyi,Biotech), and DPP4+ and DPP4− cell popu-
lations were separated with the “possel”-program provided 
by the manufacturer. Both cell fractions were seeded into 
six-well plates and cultured in DMEM with 10% heat-inac-
tivated fetal bovine serum and 1% penicillin/streptomycin. 
Supernatants were stored at −80°C, and cells were lysed in 
1x Laemmli Buffer (Bio-Rad, Hercules, USA) for western 
blotting.

2.13 | Western blot analysis

Lysates from DPP4+ and DPP4− FB were separated by 
SDS-PAGE using 4%-15% gradient gels (Bio-Rad). Proteins 
were transferred onto nitrocellulose membranes (Bio-Rad), 
blocked with non-fat dry milk, and incubated with primary 
antibodies (Table S1) overnight at 4°C. Membranes were 
washed 3 times and incubated with horseradish peroxidase-
conjugated secondary antibody (Table S2) for 30 minutes at 
room temperature. Signals were visualized with SuperSignal 
West Dura Extended Duration Substrate (ThermoFisher 
Scientific) and detected by a ChemiDoc XRS+ (Bio-Rad).

2.14 | Enyzme-linked Immunosorbent Assay 
(ELISA)

Human pro-collagen Ia1 ELISA (R&D Systems, Biotechne, 
Minneapolis, USA) and human fibronectin ELISA (R&D 
Systems) were performed in duplicates using supernatants 
obtained from cultured  DPP4+ and DPP4− FBs accord-
ing to the manufacturer's manual. For collagen Ia1 and fi-
bronectin, samples were diluted 1:100 and 1:10, respectively. 
Absorbance was detected by FluoStar Optima microplate 
reader (BMG Labtech, Ortenberg, Germany).

3 |  RESULTS

3.1 | scRNAseq identifies six transcriptionally 
distinct FB populations in healthy human skin

To obtain detailed information on FB populations in healthy 
human skin, we performed scRNAseq of three healthy 
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donors. After t-SNE-clustering based on principal compo-
nent analysis, we were able to discriminate between 18 dif-
ferent cell populations in the human skin, including T-cells 
(TC), dendritic cells (DC), macrophages (Mac), Langerhans 
cells (LC), mast cells (MC), endothelial cells (EC), lymphatic 
EC (LEC), pericytes (PC), smooth muscle cells (SMC), four 
distinct keratinocyte (KC), and six different FB populations 
(Figure 1A). All clusters were confirmed by visualization of 
marker gene expressions (Figure 1B) and showed distinct 
transcriptional patterns when displayed in a heatmap (Figure 
S1A,B). Separate analysis of all three donors revealed pres-
ence of all clusters and comparable cluster marker gene ex-
pression in each donor with only minor differences observed 
in cell numbers (data not shown). Identification of FB clus-
ters by commonly used FB markers, such as vimentin (VIM), 
S100 calcium binding protein A4 (S100A4) or fibrillin 1 
(FBN1) failed, as they were either also detected in several 
other cell clusters or did not cover all FB subsets (Figure S2). 
To identify genes that specifically mark the respective FB 
clusters, we compared the transcriptome of the FB clusters 
to that of all other cells and screened the resulting gene list 
for reliable new candidates. Interestingly, we found several 
marker genes, encoding cytoplasmic [fibulin-1 (FBLN1), 
lumican (LUM), and procollagen C-endopeptidase enhancer 
(PCOLCE) Figure 1C-E] and transmembrane proteins [phos-
pholipid phosphatase 3 (PLPP3), syndecan 2 (SDC2), and 
matrix remodeling associated 8 (MXRA8) (Figure 1F-H)] that 
were expressed by all FB clusters. LUM and MXRA8 showed 
the most FB-specific expression pattern. Comparison of all 
subsets in a Venn diagram identified serpin family G mem-
ber 1 (SERPING1) as the only gene strongly expressed in all 
six subpopulations (Figure S3). However, its expression was 
not confined to FBs, since it was also detected in pericytes, 
smooth muscle cells, and endothelial cells. To further inves-
tigate this, we used an alternative method and enriched dif-
ferent skin cell populations using magnetic beads. As shown 
in Figure S4, we found expression of LUM, PCOLCE, SDC2, 
and MXRA8 specifically in FBs, confirming the specificity of 
these markers.

3.2 | scRNAseq does not mirror identities of 
papillary and reticular FB

As FBs have been described to show phenotypic heterogene-
ity, gene expression, and ability to synthesize ECM,5,6,13,40 
we next wanted to compare the transcriptomes of every iden-
tified FB cluster (Data will be made available upon request). 
Interestingly, this comparison did not reveal the classical 
discrimination of papillary and reticular FBs, since markers 
for these FB subsets, such as netrin 1 (NTN1), podoplanin 
(PDPN), and matrix Gla protein (MGP),5,12,41 were detected 
in all FB clusters (Figure S5). We also screened our data set 

for genes which have recently been shown to identify major 
FB subsets in the skin, such as THY1, FAP, secreted frizzled-
related protein 2 (SFRP2), and flavin containing monooxyge-
nase 1 (FMO1).12,42,43 Remarkably, THY1 (Figure 2A), FAP 
(Figure 2B), and FMO1 (Figure 2C) showed only marginal 
expression in our dataset (15,4% THY1+, 16,3% FAP+, and 
3% FMO1+ FB). By contrast, SFRP2 expression was de-
tected in 60% of all FBs (Figure 2D). These data indicate that, 
in contrast to identification of FB subsets by marker protein 
expression, other, strongly expressed marker genes are nec-
essary to properly identify FB subsets in single-cell sequenc-
ing analyses. Our analysis identified several other genes, 
including microfibril-associated protein 5 (MFAP5), apoli-
poprotein E (APOE), APC down-regulated 1 (APCDD1), 
beta-1,4-galactosyltransferase 1 (BGALT1), C-X-C motif 
chemokine ligand 1 (CXCL1), and WNT inhibitory fac-
tor 1 (WIF1), as most suitable to discriminate between the 
different FB clusters present in human skin (Figure 2E-J). 
Although we observed a clear discrimination of FB1 (Figure 
2E) and FB4 (Figure 2H), the clusters FB2 (Figure 2F), FB3 
(Figure 2G), FB5 (Figure 2I), and FB6 (Figure 2J) were not 
clearly distinguishable from each other on the RNA level, 
suggesting a high transcriptional similarity.

3.3 | FB clusters are functionally 
heterogeneous

To bioinformatically investigate possible functional differ-
ences between the six FB clusters, we performed GO-term 
analysis using the network visualization and clustering tool 
ClueGO [25], a Cytoscape plugin [26]. Networks of function-
ally clustered GO-term groups were generated using genes 
significantly enriched in each FB cluster. As shown in Figure 3  
and Supporting Information Figures S6-S11, we indeed de-
tected significant functional differences. We found strong as-
sociations of FB1 with ECM assembly (Figure 3A,B), wound 
healing (Figure 3C), and angiogenesis (Figure 3D and Figure S6).  
FB2 and FB5 were mainly associated with immunologi-
cal processes, including antimicrobial immune response 
(Figure 3E) and leukocyte migration (Figures 3F, S7 and S10).  
By contrast, FB3 showed a very specific association with car-
tilage development (Figure 3G) and leptin signaling (Figures 3H  
and S8). FB4 was mainly characterized by its response to 
growth factors (Figures 3I and S9), whereas FB6 was dis-
tinguished by its association with interferon-gamma (IFNG) 
response and p38 and NFκB signaling (Figures 3J-l, S11). 
Together, our analysis identified six dermal FB subsets which 
differ significantly from each other with regard to their pu-
tative functional properties. Since one of the main functions 
of FB is the production and assembly of the ECM, to con-
firm our findings obtained by GO-term enrichment analy-
sis,1,5 we investigated this particular process in more detail 
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F I G U R E  1  Identification of cell types and fibroblast markers in a scRNAseq data set of human skin. A, tSNE-Plot after unsupervised tSNE 

clustering of 4764 cells yielded 18 cell clusters comprising 6 fibroblast clusters (FB 1-6), 4 keratinocyte clusters, (KC 1-4) melanocytes (MC), 

smooth muscle (SMC), endothelial (EC) and lymphatic endothelial cells (LEC), pericytes (PC), dendritic cells and Langerhans cells (DC/LC) and 

dendritic cells/macrophages (DC/Mac), and T-cells (TC). B, Feature plots of marker genes for cell type identification. Keratin 1 (KRT1), keratin 14 

(KRT14), fibulin 1 (FBLN1), collagen I (COL1A1), protein tyrosine phosphatase receptor type C (PTPRC), allograft Inflammatory Factor 1 (AIF1), 

premelanosome protein (PMEL), selectin E (SELE), lymphatic vessel endothelial hyaluronan receptor 1 (LYVE1), actin alpha 2 (ACTA2), and 

regulator of signaling protein 5 (RGS5). Feature plots and violin plots of newly identified fibroblast cytosolic FB markers (C-E), and membrane-

bound FB markers (F-H). In feature plots, expression of the respective gene is mapped onto the tSNE-plot. Color intensity indicates level of gene 

expression. In violin plots, dots represent individual cells. y-axis represents log2 fold change of normalized genes and log-transformed single-

cell expression. Vertical lines in violin plots represent maximum expression, shape of each violin represents all results, and width of each violin 

represents frequency of respective expression level. tSNE, t-stochastic neighbor embedding
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F I G U R E  2  Differential gene expression analysis reveals specific genes distinguishing FB clusters. A,B, Feature plots and violin plots of 

previously described FB marker genes, Thy-1 cell surface antigen (THY1), and fibroblast activation protein alpha (FAP). C,D, Feature plots and 

violin plots of previously described FB clustering genes, Flavin-containing monooxygenase 1 (FMO1), and secreted frizzled-related protein 2 

(SFRP2). E-J, Feature plots and violin plots of genes characterizing each FB cluster. Microfibril-associated protein 5 (MFAP5), apolipoprotein  

E (APOE), APC downregulated 1 (APCDD1), beta-1,4-galactosyltransferase 1 (B4GALT1), C-X-C motif chemokine ligand 1 (CXCL1), and  

WNT inhibitory factor 1 (WIF1). In violin plots, dots represent individual cells. y-axis represents log2 fold change of the normalized genes and  

log-transformed single-cell expression. Vertical lines in violin plots represent maximum expression, shape of each violin represents all results,  

and width of each violin represents frequency of respective expression level. In feature plots, expression of the respective gene is mapped  

onto the tSNE-plot. Color intensity indicates level of gene expressions. tSNE, t-stochastic neighbor embedding
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by analyzing the expression of components of the ECM and 
factors important for ECM remodeling in all human FB popu-
lations. Interestingly, most of the ECM-related genes inves-
tigated showed highest expression levels in FB1 (Figure 4).  

Strikingly, among the highest differentially expressed 
mRNAs, we found many components of the ECM, includ-
ing the collagens COL1A1, COL1A2, COL3A1, COL12A1, as 
well as elastin (ELN), fibronectin (FN1), and fibrillin (FBN1). 

F I G U R E  3  FB clusters show distinct functional properties. Scatter plots display fold enrichment and significance of selected relevant gene 

ontology (GO)-term for each cluster. Lists of differentially upregulated genes of each FB cluster compared to all other FB with log fold change 

>0.25 and adjusted P value <.05 were analyzed by PantherGO tool and calculated fold enrichment and P values were used for graphical depiction. 

Color code indicates FB subpopulations
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We also found overexpression of several factors involved in 
matrix assembly, such as MFAP4 and MFAP5, SFRP2, lysyl 
oxidase (LOX), hyaluronan synthase 1 (HAS1), FAP, and 
annexin A2 (ANXA2). Interestingly, factors involved in ma-
trix remodeling, such as matrix metallopeptidases (MMP2, 
MMP14), as well as the TIMP metallopeptidase inhibitors 
(TIMP1, TIMP2, TIMP3) were not specifically expressed in 
FB1. Some of the investigated factors, such as COL14A1, 
FN1, HAS1, and MMP14 were either specifically expressed 
in FB cluster 6 or in both FB clusters 1 and 6, suggesting a 
contribution of FB cluster 6 to matrix assembly (Figure 4).

3.4 | Functional clustering of DPP4+ 
FB reveals a role in ECM assembly, tissue 
regeneration, and immune defense

Since DPP4+ FBs were identified as the culprits of ECM 
deposition and fibrotic scar formation in mice,19 we next 
sought to confirm their presence in human skin and closely 
investigate their properties. Our single-cell sequenc-
ing dataset revealed highest expression of DPP4 in FB1 
(Figures 5A,B and S12). In contrast, only minute DPP4 pos-
itivity was detected in other FB clusters, T-cells, dendritic 

F I G U R E  4  ECM-related gene expression differs among FB clusters. Violin plots of genes associated with ECM formation and ECM 

assembly in all FB clusters. Genes were selected according to GO-terms of ECM-secretion/formation/assembly. Collagens (COL1A1,COL1A2, 

COL3A1, COL12A1, and COL14A1), elastin (ELN), fibronectin (FN1), fibrillin (FBN1), microfibril-associated proteins 4 and 5 (MFAP4 and 

MFAP5), secreted frizzled-related protein 2 (SFRP2), lysyloxygenase (LOX), hyaluronan synthase 1 (HAS), fibroblast activation protein alpha 

(FAP), annexin 2 (ANXA2), matrix metallopeptidases 2 and 4 (MMP2 and MMP14), tissue inhibitor of metalloproteases 1, 2, and 3 (TIMP1, 

TIMP2, and TIMP3). In violin plots, dots represent individual cells. y-axis represents log2 fold change of the normalized genes and log- 

transformed single-cell expression. Vertical lines in violin plots represent maximum expression, shape of each violin represents all results, and  

width of each violin represents frequency of respective expression level. Color code indicates FB subpopulations 
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cells, and lymphatic endothelial cells (Figure 5A,B). When 
analyzing co-expression of DPP4 with traditional gene 
markers for FB of the papillary and reticular dermis, we 

detected DPP4
+ FBs in both subsets, suggesting that a clear 

assignment of DPP4+ FBs to either of the two dermal com-
partments in the human skin, as suggested previously in 

F I G U R E  5  DPP4+ FBs are present in reticular and papillary dermis. A,B, Feature plot and violin plot of dipeptidyl peptidase 4 (DPP4). 

Color code indicates subpopulations. C-E, Feature plot of papillary [netrin 1(NTN1), podoplanin (PDPN)] and reticular marker genes and matrix  

Gla protein (MGP) in DPP4+ cells only. F,G, RNAScope In situ hybridization of papillary and reticular dermis of paraffin-embedded healthy  

human skin is shown. Red dots, representing DPP4-mRNA molecules, are indicated by arrows. Scale bar 25 μm 
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mouse skin,15,16 is not possible on the transcriptional level 
(Figure 5C-E). Since data on DPP4 expression in the skin 
are controversial 24,34 and to confirm our findings of DPP4+ 
FBs on protein level, we next investigated DPP4 protein 
expression in human skin by immunofluorescence staining. 
Strikingly, all antibodies used showed different expression 
patterns (Figure S13). While antibody #1 exclusively stained 
tryptase-positive mast cells (Figure S13A) and antibod-
ies #2 and #3 showed only diffuse staining of KCs (Figure 
S13B,C), antibody #4 revealed strong staining in all FBs. 
Antibody #5 showed DPP4-positivity in mast cells, blood 
vessels and melanocytes (Figure S13E), and antibody #6 in 
mast cells and FBs. Together, our analysis shows that detec-
tion of DPP4 in human skin is difficult and results should 
be interpreted with caution. Since immunostaining was not 
reliable, we wanted to verify our data by assessing localiza-
tion of DPP4 mRNA expression in healthy human skin by 
in situ hybridization using RNAScope. As shown in Figure 5,  
DPP4+ FBs were found in both papillary (Figure 5F) and 
reticular dermis (Figure 5G), confirming our single-cell se-
quencing data.

We next analyzed expression of the ECM-related fac-
tors shown in Figure 4 in the DPP4+ FBs and found that, in 
comparison to DPP− FBs, all genes were significantly up-
regulated in the DPP4+ FB, corroborating the role of DPP4+ 
FB in matrix assembly (Figure 6A). To further character-
ize DPP4+ FBs, we performed GO-term analysis (Figure 
6B). Besides the expected association of DPP4+ FBs with 
ECM formation and the pool of active proteases in the skin, 
our bioinformatics analysis revealed a possible functional 
involvement of DPP4+ FBs in tissue regeneration and im-
munological processes. Interestingly, our data suggest an 
antiproliferative, yet cell migration-favoring role of DPP4+ 
FBs. Furthermore, we identified a potential contribution of 
DPP4+ FBs to blood vessel formation and blood coagula-
tion, two events involved in wound healing. Our analysis 
also suggests a role for DPP4+ FBs in immune defense by af-
fecting leucocyte activation and neutrophil degranulation. In 
contrast to DPP4+ FBs, DPP4− FBs were mainly associated 
with the p38/MAPK and NFκB-pathway, suggesting a role in 
response to growth and inflammatory stimuli (Figure S14). 
To corroborate our bioinformatics result of ECM overpro-
duction by DPP4+ FBs, we isolated DPP4+ and DPP4− FBs 
from three different donors and analyzed the expression of 
the ECM-proteins collagen Ia1 and fibronectin by ELISA. Of 
note, also initially DPP4− FBs expressed low levels of DPP4 
after cultivation for several days (Figure 6C), suggesting a 
positive regulation of DPP4 expression in cultivated FBs. 
Our analyses revealed a significantly enhanced production of 
collagen Ia1 and a trend for increased fibronectin production 
in DPP4+ FBs compared to DPP4− FBs (Figure 6D), indicat-
ing the DPP4+ FB population as the main producer of ECM 
components in humans.

3.5 | Pseudotime ordering and trajectory 
construction reveals two possible FB cell fates

To obtain more information on FB cell fates, differentia-
tion, and temporal gene expression changes, we performed 
pseudotime trajectory analysis by submitting our data set to 
Monocle2, and constructing a trajectory (Figure 7A) based on 
pseudotime-sorted cells (Figure 7B). This analysis revealed 
one branching point splitting FB populations into two direc-
tions. Interestingly, FB4 was located at the beginning of the 
trajectory, suggesting that FB4 is the least differentiated FB 
population. Conversely, FB5 was located at the end of branch 1,  
and FB1 at the end of branch 2 (Figure 7A,B). As expected, 
DPP4 expression was more prominent in branch 2, and in-
creased over pseudotime (Figure 7C). FB clusters 2, 3, and 6  
were distributed equally along all branches. Subsequently, 
BEAM 35 identified the most significant pseudotime-depend-
ent genes in the trajectory branches, and assembled them in 
five gene groups (Figure 7D). While group 1 is defined by high 
pseudotime-dependent expression of the respective gene at the 
beginning of the prebranch and at the end of branch 1, group 2 
shows high expression at the end of branch 2 only. In contrast, 
gene groups 3, 4, and 5 show highest expression at the end 
of branch 2, with gene group 4 additionally at the beginning 
of the prebranch. As expected, DPP4- and ECM-related genes 
were pseudotime dependently expressed at the end of branch 
2. Interestingly, we identified several other genes similarly 
regulated that have been described in skin scarring or organ 
fibrosis, such as ASPN1 (Asporin),44 PDGFR (platelet-derived 
growth factor receptor),45 CTHRC1 (collagen triple helix re-
peat containing 1),46 AEBP1 (adipocyte enhancer-binding pro-
tein 1),47 and TPM1 (Tropomysin 1),48 further underpinning 
the fibrogenic properties of FB1.

4 |  DISCUSSION

Although recent studies on dermal FB populations in the 
skin have already shed some light on their heterogeneity, 
little is known about the functional differences of these sub-
populations. In the present study, we therefore investigated 
FB subpopulations and their biological properties in healthy 
human skin. Using single-cell sequencing, we identified 
three large FB clusters, one of which can be further sub-
divided into four smaller clusters (FB2, FB3, FB5, FB6), 
depicting a far more complex picture of skin FB subpopula-
tions beyond the traditional subsets of papillary and reticu-
lar FB.1,5,9,10

Our attempt to identify genes that specifically define all 
FB populations in single-cell analysis indicated that well- 
recognized FB markers, such as VIM, S100A4, THY1, or 
FAP [1, 5, 11, 26, 40], are not ideal for this type of analysis, 
since expression was either not confined to all FB subsets 
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F I G U R E  6  DPP4+ FBs overexpress ECM-related genes in silico and in vitro. A, Violin plots of selected genes associated with ECM-

formation. Blue violins represent respective gene expression in DPP4− FBs, red violins represent respective gene expression in DPP4+ FBs. y-axis 

represents log2 fold change of normalized genes and log-transformed single-cell expression. Vertical lines in violin plots represent maximum 

expression, shape of each violin represents all results, and width of each violin represents frequency of respective expression level. Black line 

indicates mean; ***represents Bonferroni-adjusted P value <.001 in Wilcoxon rank-sum test for differential gene expression. B, Network analysis 

of GO-terms was created using the Cytoscape-plugin ClueGO medium GO-specificity, with GO-term fusion. Only significant (P value <.05) GO-

terms are shown. Circle size correlates with P value, lines (“edges”) represent functional connection of respective GO-terms with input of all genes 

upregulated in DPP4+ FBs compared to DPP4− FBs with fold change >0.25 and adjusted P values <.05. C, Western blot analysis of DPP4− and 

DPP4+ FB lysates. One representative of three independent experiments is shown. D,E, ELISA of collagen Ia1 and fibronectin from supernatants 

of confluent DPP4− and DPP4+ FBs. Assay was performed in duplicate from three independent experiments. P value was calculated with Student's 

t-test
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or present in too many other cell types. By contrast, other 
genes, including SERPING1, FBLN1, PLPP3, LUM, SDC2, 
PCOLCE, and MXRA8 reliably identified all FB subpopula-
tions. Interestingly, some of these genes (PCOLCE, PLPP3, 
SDC2, SERPING1) were also found in the pericyte and 
smooth muscle cell clusters, confirming their high genetic 
similarity, due to their common mesenchymal progenitor 
cells.49 The membrane-associated factors (PLPP3, SDC2, 

MXRA8) identified in our study are of special interest, since 
they could be used to solve a common problem observed in 
tissue cultures. Purified cell types of enzymatically digested 
organs are often contaminated with FBs.50,51 The newly iden-
tified membrane-associated FB markers might represent a 
novel tool to specifically label and remove unwanted FBs 
from isolated primary cell suspensions. The feasibility of 
such an approach merits further investigations.

Recent work by Tabib et al already suggested a higher 
heterogeneity of dermal FBs than previously expected.12 
Although our study revealed some similarities with their 
work, we found major differences between our and their 
analyses. Tabib et al suggested SFRP2 and FMO1 as marker 
genes identifying the two major subset of human skin FBs. 
By contrast, our analysis showed virtually no expression of 
FMO1 in any cell and SFRP2 expression in almost every FB 
subset. When analyzing our data set together with that pub-
lished by Tabib et al using the same settings, the two data sets 
differed substantially from each other, which could be due to 
technical reasons, such as different cell numbers or different 
RNA reads per cell (data not shown). In contrast to the six 
FB clusters identified in our data set, the dataset by Tabib et 
al only revealed four different FB subsets. Since site-specific 
differences in FBs have been described before,52-54 a further 

F I G U R E  7  Pseudotime ordering and trajectory construction reveal two FB cell fates. A, Trajectory plot of all FBs, color coded by FB 

clusters 1-6. Lower left corner is the beginning of pseudotime, as indicated in the legend. B, Binplot of FBs across pseudotime. x-axis represents 

pseudotime, y-axis represents percentage of cells in respective pseudotime bin. C, Trajectory plot of DPP4 expression. D, BEAM expression of 

pseudotime-dependent genes in trajectory branches. Colors represent q-value
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possible explanation for the observed differences could be 
that we performed our analyses on abdominal skin, while 
Tabib et al analyzed sun-exposed skin from the dorsal fore-
arm. In contrast to Tabib et al, who had a more heterogeneous 
donor cohort (three females and three males; 23-66  years 
old) at their disposal, we focused on Caucasian female do-
nors younger than 45 years. More studies are needed to fully 
address the gender-specific and ethnological differences con-
tributing to data variability.

Until now, skin FBs have been characterized as papillary 
and reticular FB.5,8,10,12 Our analysis suggests a novel classi-
fication of dermal FB subsets, not solely due to their anatom-
ical location within the skin, but, more importantly, based on 
their transcriptional signature. Interestingly, our newly identi-
fied FB subsets do not overlay with common markers used to 
identify papillary and reticular FBs, suggesting that FBs with 
similar functions are distributed over all dermal layers. We 
identified six FB subsets, each characterized by specific puta-
tive biological functions. As shown by our marker gene iden-
tification, FB2, FB5, and FB6 showed high similarities on the 
transcriptional level. Intriguingly, a high similarity of FB2 
and FB5 was also observed on the functional level, making 
a clear distinction difficult. Our GO-term analysis revealed a 
strong association of these two clusters with leucocyte migra-
tion and innate immune defense. Cluster 6, however, showed 
unique biological functions, including p38/MAPK signaling, 
response to TNFα and IFNγ as well as response to starvation 
and hypoxia. In contrast, our analysis suggests a very specific 
role for FB3 in tissue regeneration. This cluster is mainly 
characterized by its response to leptin (LEP), which was also 
identified as one of the main functions of FB6. LEP is a pro-
teohormone secreted by white adipocytes, targeting the hy-
pothalamus and thereby regulating the energy balance of the 
body.55,56 Interestingly, our transcriptome analysis revealed 
that FB3 and FB6 highly and FB1 to a minor degree express 
the LEP-receptor (LEPR, Figure S15). Since application of 
LEP on mouse wounds has been shown to promote wound 
healing,57,58 and blocking of LEP delays wound healing,57 
our data suggest a contribution of FB3 and FB6 to wound 
healing in response to LEP.

In contrast to FB2, 3, 5, and 6, FB1 and FB4 displayed 
the most distinct transcriptomes. While FB4 are function-
ally associated with response to growth factors, epithelial 
cell proliferation, and cell morphogenesis, FB1 represents 
FBs mainly involved in the production and assembly of the 
ECM. Interestingly, our pseudotime trajectory analysis iden-
tified FB4 as the least differentiated and FB1 as one of the 
more terminally differentiated FB cluster, explaining the vast 
transcriptional differences. Our analysis suggests a particular 
function of these FB clusters in wound healing and scar for-
mation. Since DPP4+ FBs have been shown to be responsible 
for augmented ECM production and fibrosis in mice,15,19,20,59 

we searched for the DPP4+ FB population in our data set and 
found that DPP4 expression was almost exclusively restricted 
to FB1. To the best of our knowledge, our analysis is the first 
to show that DPP4+ FBs are the main producers of factors 
involved in ECM assembly in human skin. We hypothesize 
that cells acquiring this cell fate are involved in scar formation 
after injury and studies comparing human healthy skin and 
scar tissue could elucidate the real impact of each FB subset 
on fibrotic processes. Since FBs also constitute the center of 
fibrotic disease etiology in other organs, this finding might 
have important implications beyond the skin.1,60 In animal 
studies, DPP4+ FBs have been shown to be involved in fibrotic 
pathologies of several other organs, and inhibition of DPP4 
activity by gliptins attenuated fibrotic processes in the lung,61 
heart,62,63 kidney,64 and liver.65 Therefore, our transcriptome 
analysis of DPP4+ FBs in the human skin might represent an 
important step toward the development of novel anti-fibrotic 
therapeutic approaches, specifically targeting the DPP4+ FB 
subset. However, further studies are needed to investigate 
whether such a FB subset with comparable contribution to fi-
brotic processes indeed exists in other organs in humans.

In summary, we show that dermal FBs are more hetero-
geneous in terms of their gene expression and function than 
previously expected. We therefore suggest that the old clas-
sification of dermal FBs into papillary and reticular FBs due 
to their anatomical location should be properly revisited, and 
believe that a functional classification could lead to more ac-
curate investigations in the future. This could help decipher 
the exact contribution of FBs to physiological and pathologi-
cal processes in the skin. In addition, we identified a specific 
subset of FB as the main producer of ECM in human skin. 
Our study has built a base for further, more detailed analy-
ses elucidating the roles of the diverse FB populations in the 
healthy human skin and in fibrotic skin conditions.
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Target Supplier/Product 

number 

Host species Clonality Dilution Tissue Appli-

cation 

DPP4 Abcam/ab3154 Mouse monoclonal 1:200 Paraffin IF 

DPP4 Abcam/ab212326 Mouse monoclonal 1:500 Paraffin  IF 

DPP4 BioLegend #302708 Mouse monoclonal 1:100 cryo, 

unfixed 

IF 

DPP4 Thermo Fisher 

Scientific/MA5-13562 

Mouse monoclonal 1: 50 cryo, PFA-

fixed 

IF 

DPP4 Abcam/ab215711 Rabbit monoclonal 1:1000 

1:100 

1:200 

Paraffin 

Cells 

Membrane 

IF  

MACS-sort 

WB 

DPP4 Abcam/ab86806 Rabbit polyclonal 1:500 Paraffin IF 

ACTA2 Abcam/ab7817  Mouse monoclonal 1:200 Paraffin  IF 

TPSAB1 Abcam/ab2378 Mouse monoclonal 1:1000 Paraffin IF 

Melan-A Agilent/M7196  Mouse monoclonal 1:500 Paraffin IF 

Secondary antibody Dilution Company Application 

Alexa fluor® 546 goat anti- rabbit IgG 

(H + L) 
1:500 Invitrogen IF 

Alexa fluor® 546 goat anti- mouse IgG 

(H + L) 
1:500 Invitrogen IF 

Alexa fluor® 488 goat anti- mouse IgG 

(H + L) 
1:500 Invitrogen IF 

Anti-Rabbit IgG MicroBeads 

 

10μl per 1 Mio. 

cells 

MACS 

Miltenyi 

MACS-Sort 

Goat-anti-rabbit horseradish-peroxidase-

conjugated #1706511 

1:10000 Bio-Rad WB 

Supplementary tables 

Table S1: Primary antibodies 

Table S2: Secondary antibodies 
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Figure S1: Transcriptional profiles of all cells and of FB. Heatmap of all cells in the dataset clustered by tSNE 

based on PCA. For each cluster, top ten differentially upregulated genes compared to the rest of the dataset were 

used to create the heatmap. b) Genes of all FB clusters. Top ten differentially upregulated genes of each FB cluster 

compared to the rest of the FB. In heatmaps, each column represents one cell, each row represents a gene. Colors 

represent log-transformed scaled data, with yellow indicating upregulation and violet indicating downregulation of 

respective gene compared to the rest of the dataset as indicated in the legend. tSNE, t-stochastic neighbor 

embedding; PCA, principal component analysis. 
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Figure S2: Traditional pan-

FB markers do not reliably 

identify all FB. a-c) Violin 

plots and feature plots of 

marker genes traditionally 

used for FB identification, 

vimentin (VIM), S100 

calcium binding protein A4 

(S100A4), and fibrillin 1 

(FBN1). In Violin plots, dots 

represent individual cells. Y-

axis represents log2-fold-

change of normalized genes 

and log-transformed single-

cell expression. Vertical 

lines in violin plots 

represent maximum 

expression, shape of each 

violin represents all results, 

and width of each violin 

represents frequency of 

respective expression level. 

In feature plots, expression 

of the respective gene is 

mapped onto the tSNE-plot. 

Color intensity indicates 

level of gene expressions. 

tSNE, t-stochastic neighbor 

embedding. 
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Figure S3: SERPING1 is identified in all FB clusters as a reliable FB 

marker. For Venn diagram calculation, differentially upregulated 

genes of respective FB clusters compared to the rest of the 

dataset with log-fold change >0.25 and adjusted p-value <0.05 

were inputted in the browser tool InteractiVenn. Arrow indicates 

one gene present in all six clusters, identified as serpin family G 

member 1 (SERPING1). b) Violin plot and feature plot of 

SERPING1. In Violin plots, dots represent individual cells. Y-axis 

represents log2-fold-change of normalized genes and log-

transformed single-cell expression. Vertical lines in violin plots 

represent maximum expression, shape of each violin represents 

all results, and width of each violin represents frequency of 

respective expression level. In feature plots, expression of the 

respective gene is mapped onto the tSNE-plot. Color intensity 

indicates level of gene expressions. tSNE, t-stochastic neighbor 

embedding. 
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Figure S4: Cluster markers and FB marker expression were confirmed in affymetrix array of isolated skin subsets. Skin 

cell subsets from human trunk skin (n=2) were isolated using MACS-bead sorting. Fibroblasts (FB), keratinocytes (KC), 

endothelial cells (EC), melanocytes (MC), langerhans cells (LC) and T-cells (TC) were purified. The transcriptome of each 

subset was assessed by Affymetrix® Human Gene 2.1 ST Array. a) Bar graphs show cell type marker genes used for 

celltype identification in figure 1b). Keratin 1 (KRT1), keratin 14 (KRT14), fibulin 1 (FBLN1), collagen I (COL1A1), protein 

tyrosine phosphatase receptor type C (PTPRC), allograft Inflammatory Factor 1 (AIF1), premelanosome protein (PMEL), 

selectin E (SELE), lymphatic vessel endothelial hyaluronan receptor 1 (LYVE1), actin alpha 2 (ACTA2), regulator of signaling 

protein 5 (RGS5). b) Bar graphs show genes identified as new FB markers. Fibulin-1 (FBLN1), lumican (LUM), procollagen 

C-endopeptidase enhancer (PCOLCE), matrix remodeling associated 8 (MXRA8). Bars represent mean and standard error 

of the mean (SEM). Y-axes represent fluorescence intensity units from affymetrix® data. 
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FB 1 

Figure S5: FBs do not 

cluster into reticular and 

papillary FBs based on 

single cell transcriptional 

data. Violin plot and feature 

plot of a) netrin 1 (NTN1), b) 

podoplanin (PDPN), and c) 

matrix Gla protein (MGP). In 

violin plots, dots represent 

individual cells. Y-axis 

represents log2-fold-change 

of normalized genes and 

log-transformed single-cell 

expression. Vertical lines in 

violin plots represent 

maximum expression, shape 

of each violin represents all 

results, and width of each 

violin represents frequency 

of respective expression 

level. In feature plots, 

expression of the respective 

gene is mapped onto the 

tSNE-plot. Color intensity 

indicates level of gene 

expressions. tSNE, t-

stochastic neighbor 

embedding. 

Figure S6 : GO-network analysis of cluster FB1 reveals complex and distinct functional properties. For calculation of GO-

term networks, lists of differentially upregulated genes of each FB cluster compared to all other FB with log-fold change 

>0.25 and adjusted p-value<0.05 were submitted to Cytoscape-plugin ClueGO at medium GO-specificity, with GO-term 

fusion and with only significant (p-value<0.05) GO-terms shown. Circle size correlates with p-value; lines (‘edges’) 
represent functional connection of respective GO-terms. GO-groups were colored for function according to group 

overview terms (in bold letters). Red represents ECM-formation and ECM-assembly-associated terms, orange signaling 

pathways, yellow proteinase activity, green immunological function, blue wound healing and regeneration, purple 

angiogenesis and blood vessel formation, brown developmental processes, and pink metabolism. 

PDPN 



FB 2 

FB 3 

Figure S8: GO-network analysis of cluster FB3  reveals complex and distinct functional properties. For calculation of GO-

term networks, lists of differentially upregulated genes of each FB cluster compared to all other FB with log-fold change 

>0.25 and adjusted p-value<0.05 were submitted to Cytoscape-plugin ClueGO at medium GO-specificity, with GO-term 

fusion and with only significant (p-value<0.05) GO-terms shown. Circle size correlates with p-value; lines (‘edges’) 
represent functional connection of respective GO-terms. GO-groups were colored for function according to group 

overview terms (in bold letters). Red represents ECM-formation and ECM-assembly-associated terms, orange signaling 

pathways, yellow proteinase activity, green immunological function, blue wound healing and regeneration, purple 

angiogenesis and blood vessel formation, brown developmental processes, and pink metabolism. 

Figure S7: GO-network analysis of cluster FB2  reveals complex and distinct functional properties. For calculation of GO-

term networks, lists of differentially upregulated genes of each FB cluster compared to all other FB with log-fold change 

>0.25 and adjusted p-value<0.05 were submitted to Cytoscape-plugin ClueGO at medium GO-specificity, with GO-term 

fusion and with only significant (p-value<0.05) GO-terms shown. Circle size correlates with p-value; lines (‘edges’) 
represent functional connection of respective GO-terms. GO-groups were colored for function according to group 

overview terms (in bold letters). Red represents ECM-formation and ECM-assembly-associated terms, orange signaling 

pathways, yellow proteinase activity, green immunological function, blue wound healing and regeneration, purple 

angiogenesis and blood vessel formation, brown developmental processes, and pink metabolism. 



FB 4 

FB 5 

Figure S10: GO-network analysis of cluster FB5  reveals complex and distinct functional properties. For calculation of 

GO-term networks, lists of differentially upregulated genes of each FB cluster compared to all other FB with log-fold 

change >0.25 and adjusted p-value<0.05 were submitted to Cytoscape-plugin ClueGO at medium GO-specificity, with GO-

term fusion and with only significant (p-value<0.05) GO-terms shown. Circle size correlates with p-value; lines (‘edges’) 
represent functional connection of respective GO-terms. GO-groups were colored for function according to group 

overview terms (in bold letters). Red represents ECM-formation and ECM-assembly-associated terms, orange signaling 

pathways, yellow proteinase activity, green immunological function, blue wound healing and regeneration, purple 

angiogenesis and blood vessel formation, brown developmental processes, and pink metabolism. 

Figure S9: GO-network analysis of cluster FB4 reveals complex and distinct functional properties. For calculation of GO-

term networks, lists of differentially upregulated genes of each FB cluster compared to all other FB with log-fold change 

>0.25 and adjusted p-value<0.05 were submitted to Cytoscape-plugin ClueGO at medium GO-specificity, with GO-term 

fusion and with only significant (p-value<0.05) GO-terms shown. Circle size correlates with p-value; lines (‘edges’) 
represent functional connection of respective GO-terms. GO-groups were colored for function according to group 

overview terms (in bold letters). Red represents ECM-formation and ECM-assembly-associated terms, orange signaling 

pathways, yellow proteinase activity, green immunological function, blue wound healing and regeneration, purple 

angiogenesis and blood vessel formation, brown developmental processes, and pink metabolism. 
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Figure S12: Transcriptional profiles of DPP4+ and DPP4- FB. Gene expression of DPP4+ and compared to DPP4- FB dataset. 

In the heatmap, each column represents one cell, each row represents a gene. Colors represent log-transformed scaled 

data, with yellow indicating upregulation and violet indicating downregulation of respective gene compared to the rest of 

the dataset as shown in the legend.  

  

Figure S11: GO-network analysis of cluster FB6 reveals complex and distinct functional properties. For calculation of GO-

term networks, lists of differentially upregulated genes of each FB cluster compared to all other FB with log-fold change 

>0.25 and adjusted p-value<0.05 were submitted to Cytoscape-plugin ClueGO at medium GO-specificity, with GO-term fusion 

and with only significant (p-value<0.05) GO-terms shown. Circle size correlates with p-value; lines (‘edges’) represent 

functional connection of respective GO-terms. GO-groups were colored for function according to group overview terms (in 

bold letters). Red represents ECM-formation and ECM-assembly-associated terms, orange signaling pathways, yellow 

proteinase activity, green immunological function, blue wound healing and regeneration, purple angiogenesis and blood 

vessel formation, brown developmental processes, and pink metabolism. 
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a  Monoclonal mouse Anti-DPP4 #1 b  Monoclonal mouse Anti-DPP4 #2 
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Figure S13. Comparison of expression of DPP4 in healthy human skin using different antibodies. Frozen sections 

(a,d) or paraffin-embedded (b-e) sections of healthy human skin (5μm thickness) were immunofluorescence-

stained using a monoclonal mouse-anti human DPP4 antibody (ab3154, Abcam, Camdbridge, UK) (a), (ab212326, 

abcam, Cambridge, UK) (b), (MA5-13562, ThermoFisher, Waltham, USA) (c) of the same clone [202-36], and 

mouse-anti human DPP4 antibody (#302708, Biolegend, San Diego, USA). Monoclonal Polyclonal rabbit-hosted 

anti-human DPP4-antibody (ab86806, abcam, Cambridge, UK) (e) and monoclonal rabbit-hosted anti-human DPP4-

antibody (ab215711, Abcam, Cambridge, UK) (f). Red shows DPP4, green represents Smooth muscle actin (SMA), 

mast cell tryptase, or Melan-A. Blue represents Hoechst staining of nuclei (concentration 1:2500). All images were 

taken at 3000ms exposure time for DPP4, with magnification 20x (A), or 40x (B-F), scale bars represent 100µm. 
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Figure S15: Leptin receptor (LEPR) is present in three distinct FB clusters. Violin plot and feature 

plot of LEPR. In Violin plots, dots represent individual cells. Y-axis represents log2-fold-change of 

normalized genes and log-transformed single-cell expression. Vertical lines in violin plots represent 

maximum expression, shape of each violin represents all results, and width of each violin represents 

frequency of respective expression level. In feature plots, expression of the respective gene is mapped 

onto the tSNE-plot. Color intensity indicates level of gene expressions. tSNE, t-stochastic neighbor 

embedding. 

Figure S14: GO-network analysis of DPP4- FB shows association with the p38/MAPK and NFkB-pathway. For 

calculation of GO-term networks, lists of differentially upregulated genes of each FB cluster compared to all other 

FB with log-fold change >0.25 and adjusted p-value<0.05 were submitted to Cytoscape-plugin ClueGO at medium 

GO-specificity, with GO-term fusion and with only significant (p-value<0.05) GO-terms shown. Circle size correlates 

with p-value; lines (‘edges’) represent functional connection of respective GO-terms. GO-groups were colored for 

function according to group overview terms (in bold letters). Red represents ECM-formation and ECM-assembly-

associated terms, orange signaling pathways, yellow proteinase activity, green immunological function, blue 

wound healing and regeneration, purple angiogenesis and blood vessel formation, brown developmental 

processes, and pink metabolism. 
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2.2. Chapter 2: The serine proteases dipeptidyl-peptidase 4 and urokinase are key molecules in 

human and mouse scar formation 

Hypertrophic scars pose a significant medical challenge and global health burden, affecting millions of 

people worldwide. Scar formation occurs as a result of an abnormal wound healing process, 

characterized by prolonged inflammation and excessive fibroblast activity, which leads to the 

accumulation of excessive extracellular matrix components. Current treatments for hypertrophic scars 

have limited efficacy, high recurrence rates, and uncertain mechanisms of action. Thus, there is an urgent 

need to identify new therapeutic targets for hypertrophic scars (249).  

Recently, several studies found that proteases may critically regulate ECM turnover and growth factor 

activation during tissue remodeling, making them an attractive target for drug development in fibrotic 

diseases (96). The role of serine proteases in particular, however, were hitherto not closely investigated 

in hypertrophic scar formation.  

In the second study, we thus used single-cell RNA sequencing to analyze gene expression and pathways 

involved in hypertrophic scar formation in an effort to discover novel targets for therapeutic development 

toward scar-free wound healing or full reversion of a preexisting scar. Furthermore, we aimed to identify 

genes that are regulated in scar tissue and potentially involved in scar formation. 

This work was the first to examine hypertrophic scar tissue at the single-cell level, revealing new 

information on the molecular processes underlying the development of hypertrophic scars. The findings 

of this study could have important clinical implications and could inspire the invention of new treatment 

options for hypertrophic scars. 
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tissue. Fibroblasts show the most prominent alterations in gene expression, displaying a

distinct fibrotic signature. By comparing genes upregulated in murine fibroblasts during scar

development with genes highly expressed in mature human hypertrophic scars, we identify a

group of serine proteases, tentatively involved in scar formation. Two of them, dipeptidyl-

peptidase 4 (DPP4) and urokinase (PLAU), are further analyzed in functional assays, revealing

a role in TGFβ1-mediated myofibroblast differentiation and over-production of components of

the extracellular matrix in vitro. Topical treatment with inhibitors of DPP4 and PLAU during

scar formation in vivo shows anti-fibrotic activity and improvement of scar quality, most

prominently after application of the PLAU inhibitor BC-11. In this study, we delineate the
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hypertrophic scar formation. Our data suggest the use of serine protease inhibitors for the
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H
ypertrophic scars are a complex medical problem and a
significant global disease burden1,2. In the western world,
an estimated number of 100 million people develop scars

every year, ~11 million of which bear keloid scars and 4 million
suffer from burn scars1. In the USA, an estimated amount of
12 billion dollars is spent annually on the treatment of skin
scarring3. For affected persons, a pathological hypertrophic scar
can cause significant functional impairment, pain, pruritus, and a
reduction in quality of life4,5.

Wound healing is a tightly coordinated, three-step process,
characterized by an acute inflammatory phase, a proliferative
phase, and a remodeling phase. Prolonged inflammation results
in increased fibroblast (FB) activity, with enhanced secretion of
transforming growth factor beta 1 (TGFβ1), TGFβ2, insulin-like
growth factor (IGF1), and other cytokines6. TGFβ1 drives dif-
ferentiation of FBs into myofibroblasts, which have a contractile
phenotype, are characterized by excessive secretion of ECM-
components7, and are the major contributors to the formation of
hypertrophic scars8. Mature hypertrophic scars display strong
tissue contraction6, and dense, parallel, or whorl-like ECM8.

Topical silicone application, compression or massage therapy,
intralesional injection of triamcinolone (TAC), corticosteroids, or
5-Fluorouracil (5-FU), laser ablation, and surgery are the most
commonly used options for prevention or treatment of hyper-
trophic scars6,9–11. However, many of these therapies lack evi-
dence of efficacy and safety, show high recurrence rates, and
mechanisms of actions are still unclear10,12.

Recently, several proteases became the focus of drug develop-
ment in fibrotic diseases, as they have been shown to be involved
in ECM-breakdown and the activation of growth factors in tissue
remodeling13,14. Serine proteases/peptidases constitute a large,
diverse group of proteases, divided into 13 clans and 40
families15. The group of trypsins comprises proteases contribut-
ing to vital processes such as blood coagulation, fibrinolysis,
apoptosis, and immunity16. Members of this family include
urokinase, HTRA1/3 (high-temperature requirement A1/3 pep-
tidase), several coagulation factors and complement components,
PRSS-like serine proteases, granzymes, and cathepsin G16,17.
Inhibitors of PLAU have been shown to counteract fibrotic
processes in cardiac and pulmonary fibrosis in human in vitro
studies and in mouse experiments18,19. Recently, the serine pro-
tease DPP4 became the center of attention, since DPP4 inhibitors
(gliptins) have been clinically used for the treatment of diabetes
mellitus20. DPP4 was also implicated in a variety of fibrotic
pathologies, including cardiac, hepatic, renal, and dermal
fibrosis21–25, and inhibition of DPP4 activity mitigated fibrotic
processes in animal models18,19,26–29. However, the contribution
of serine proteases to human scar formation and the underlying
anti-fibrotic mechanisms are so far not known. Even though
scRNAseq was previously performed to identify factors important
for embryonic30 and postnatal31 skin development as well as for
tissue regeneration32 by investigating murine wound healing33,
scar tissue on single-cell level has not been investigated yet.

Here, we used scRNAseq to thoroughly study gene expression
and mechanisms involved in hypertrophic scar formation. We
aimed to identify genes regulated in scar tissue, and to uncover
potential targets for drug development toward scar-free wound
healing or full reversion of a present scar.

Results
The single-cell landscape of hypertrophic scars. To elucidate the
complex biological processes of scar formation, we performed
droplet-based single-cell transcriptome analysis of human
hypertrophic scar tissue and healthy skin34 (Fig. 1A). In both
samples, Unsupervised Uniform Manifold Approximation and

Projection (UMAP)-clustering revealed 21 cell clusters, which
were further classified as specific cell types by well-established
marker genes (Figure S2A), expression patterns of all clusters
(Figure S2B), and transcriptional cluster proximity via a phylo-
genetic clustertree (Fig. 1B). We identified seven FB clusters,
smooth muscle cells and pericytes (SMC/Peri), three clusters of
endothelial cells (EC), and lymphatic endothelial cells (LECs),
two clusters of T cells and of dendritic cells (DC), macrophages
(Mac), three keratinocyte (KC) clusters, and melanocytes (Mel).
All cells of specific subsets were clustered together, and skin and
scar samples displayed comparable cellular cluster composition
(Fig. 1C, D). Only cluster FB1 was mainly present in scar tissue.
The clusters of skin and scars showed different relative cell
number ratios (Fig. 1E, F). Whereas FBs represented 40% of all
cells in healthy skin, a significant increase (53%) was observed in
scar tissue. Similarly, we detected more ECs (16.31%) in scar
tissue as compared to normal skin (8.1%). Contrary, the relative
numbers of epithelial cells (6.37%) and immune cells (12.47%) in
mature hypertrophic scars were significantly reduced compared
to skin (22.47% and 19.97%, respectively).

When comparing scar to skin, we identified considerably more
up- (Fig. 1G) than downregulated genes (Fig. 1H), and the most
abundant differential gene expression (number of differentially
expressed genes, nDEG) was found in FBs, SMC/PCs, macro-
phages, DC1 and KC1 (Fig. 1G, H). The top 50 up- and
downregulated genes for FBs, SMC/PCs, ECs, T cells, DCs, and
KCs are listed in Figure S3. Genes related to ECM production
(e.g., COL1A1/2, COL3A1, COL5A1/2, FN1, BGN, LOX, LUM,
OGN, PCOLCE) were mainly overrepresented in FBs, but notably
also in PCs and ECs (Figure S3A-C). Several significantly
regulated genes with so far undescribed roles in fibrosis and scar
formation (e.g., ARL4C, COPZ2, CRABP2, HSPA1A/B, MDK,
OGN, among others) were found in all cell types (Figure S3A-F).
These distinctly regulated genes might provide valuable new
candidates to understand and modulate skin scarring.

The fibrotic gene expression pattern of fibroblasts in hyper-
trophic scars. Since FBs showed the strongest gene regulation in
our scRNAseq dataset, and have been considered as the major
drivers of skin scarring and an important source for
myofibroblasts7, we focused our further analysis on differences
between FBs of healthy skin and hypertrophic scars (Fig. 2).

After subsetting and reclustering of all FBs, we identified
11 separate clusters (Fig. 2A–C) showing 110 significantly up-
and 85 downregulated genes in FBs derived from scar tissue
compared to healthy skin. The top 50 differentially up- and
downregulated genes are shown in Fig. 2D. Interestingly, one FB
cluster (FB1) was almost exclusively present in hypertrophic
scars, suggesting a specific role in tissue fibrosis. Comparison of
FB cluster 1 to all other scar FBs revealed 141 significantly up-
and 179 downregulated genes. The top 50 differentially up- and
downregulated genes are shown in Fig. 2E. Most of the
upregulated genes in scar-derived FBs are well-studied in the
context of skin scarring and are functionally related to collagens
and ECM-modifying genes, e.g., BGN, COL14A1, COL1A1/2,
COL3A1, COL5A1/2, FN1, MMP23B, OGN, PCOLCE (Figure S3).
Analysis of the biological processes associated with differentially
regulated genes between FB1 and other FB clusters by gene
ontology network analysis revealed a strong association of FB1
with TGFβ-signaling (associated genes: ASPN, COL1A1, COL1A2,
FBN1, HSPA1A, HTRA1, INHBA, JUN, LOX, POSTN, red circles)
and ECM-formation (associated genes: AEBP1, BGN, CCN2,
COL12A1, COL14A1, COL1A1, COL1A2, COL3A1, COL5A1,
COL5A2, COL6A1, COL6A2, COMP, CREB3L1, DPP4, EGFL6,
FBN1, FN1, HTRA1, LOX, LUM, MFAP2, MMP11, PHLDB2,

ARTICLE NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-021-26495-2

2 NATURE COMMUNICATIONS |         (2021) 12:6242 | https://doi.org/10.1038/s41467-021-26495-2 | www.nature.com/naturecommunications

www.nature.com/naturecommunications


POSTN, SERPINE1, SFRP2, SPARC, TGFBI, THBS1, TNC,
VCAN, purple circles) (Fig. 2F), further corroborating its role in
skin fibrosis. In addition, our analysis indicated a role of FB1 in
processes important for several other cell types, including
platelets, smooth muscle cells (associated genes: CCN3, CHN1,
IGF1, IGFBP3, PLAT, PLAU, POSTN, SERPINE1, green circles),
and cells of the skeletal system (associated genes: CCN2, CCN3,
COL12A1, COL14A1, COL1A1, COL1A2, COL3A1, COL5A2,
COL6A1, COL6A2, COMP, ECM1, FBN1, FRZB, HYAL2, IGF1,

INHBA, LOX, LUM, PAPSS2, POSTN, SFRP2, SFRP4, SOX4,
SPARC, TGFBI, VCAN, yellow circles), suggesting paracrine
actions of FB1.

Pseudotime calculation and trajectory construction effectively
identified possible cell fates and time-regulated genes, even when
analyzing cells of only one timepoint35,36. Thus, we next sorted
human skin and scar FBs along a pseudotime axis and
constructed trajectories (Fig. 3A, B). The trajectories revealed a
division at a certain timepoint where FBs divided into two
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branches (Fig. 3C). Whereas the majority of FBs preferentially
aligned with branch 1 in normal skin (Fig. 3D), we observed a
significantly longer branch 2 with FBs of hypertrophic scar tissue
(Fig. 3E). Branched expression analysis identified genes most
regulated in a pseudotime-dependent manner in normal skin and
hypertrophic scars (Fig. 3F). Interestingly, the collagens COL1A1,
COL1A2, and COL3A1, known to contribute to all fibrotic

processes, are most upregulated at the end of Branch 2, but are
not among the most pseudotime-regulated genes in scar (Fig. 3F).
In contrast, other collagens, including COL5A1/2, COL8A1,
COL11A1, and COL12A1, dominated the late pseudotime-
dependent gene expression in branch 2. The role of these
collagens in (hypertrophic) scar is scarcely investigated, and
merits further exploration. Together, our trajectory analysis
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models the temporal dynamics of gene expression in scars and
might provide a basis to target respective genes at different stages
of scar development. Interestingly, no genes were strongly
regulated directly at the branching point, suggesting cell-fate is
already determined at the beginning of pseudotime.

scRNAseq of murine scars identifies genes involved in scar
maturation. As our approach so far only gave information on the
current state of mature scars, we further investigated mechanisms
leading to scar formation and maturation, using a murine full-
thickness skin wound model (Figure S4A). Whereas scar forma-
tion and maturation in humans is a long-lasting process37, it only
takes up to 80 days in rodents38. Although the here used murine
scar model does not completely reflect hypertrophic scar forma-
tion in humans, the analysis of genes that are regulated in both,
human hypertrophic scars and during normal scar formation in
mice, might identify the most evolutionary conserved and most
interesting targets for therapeutic interventions.

In order to detect dynamic differences in gene expression
related to scar formation rather than wound healing, we
compared samples from normal mouse skin, and from mice 6
and 8 weeks after wounding (Fig. 4A). Analogously to the human
dataset, the murine scRNAseq dataset was clustered, and cell
types were identified using established marker genes (Figure S4B),
expression patterns of all clusters (Figure S4C), and transcriptome
proximity of clusters via a phylogenetic clustertree (Fig. 4B). All
clusters aligned homogeneously, and all major skin cell types were
represented in normal skin and at both time points after scar
development (Fig. 4C, Figure S4). In accordance with human scar
tissue, 8-week-old mouse scars contained a higher proportion of
murine FBs (mFBs) (32.6%) compared to 6-week-old scars
(17.39%), and more immune cells (9.6 versus 6.3%). In contrast,
less of the endothelium (2.8 versus 1.5%) and less keratinocytes
(63.3 vs 45%) were present (Fig. 4D). We next calculated up- and
downregulated genes for FBs, PCs, ECs, T cells, DCs, and KCs,
comparing 8 weeks to 6-week-old scars (top 50 are shown in
Figure S5A-F). In contrast to human scars, the highest number of
differentially expressed genes was found in mFBs and mKCs
(Fig. 4E, F), which was most likely due to ongoing epidermal
tissue regeneration. Expression of Acta2 and collagens showed
only minor regulation between 6 and 8 weeks in mFBs (Fig. 4G).
In addition, expression of several other matricellular and ECM-
modulating proteins, e.g., Fbln1 (Fibulin1), Ogn (osteoglycin),
Lum (Lumican), and Pcolce (Procollagen C-Endopeptidase
Enhancer), and Tgfbi (transforming growth factor, beta-induced)
increased in mFBs during scar maturation (Fig. 4H). Together,
our scRNAseq identified a gene profile specific for scar
maturation in mice.

Serine proteases are strongly upregulated during scar
maturation. To identify genes that are crucial for scar matura-
tion, we next compared our human scar dataset with genes
upregulated in mouse scars 8 weeks after wounding in

comparison to mouse scars 6 weeks after wounding (Fig. 5A).
While in both datasets only one gene (LEPR) was downregulated,
16 genes were mutually upregulated (Fig. 5B–D). Stunningly, 5 of
these genes (AEBP1, DPP4, HTRA1, PLAU, and PRSS23) were
members of the superfamily of serine proteases (Fig. 5C, E). All
five serine proteases were upregulated in scRNAseq in human
scar tissue, particularly in FBs, but also in other cell types
(Fig. 5E–J). AEBP1 and PRSS23 expression also increased in ECs
and melanocytes, HTRA1 in ECs and KC3, and PLAU in DCs.
Several additional serine proteases, HTRA3 (high-temperature
requirement A serine peptidase 3), DPP7 (dipeptidyl-peptidase 7),
FAP (fibroblast activation protein alpha), were upregulated in
human scars (Figure S6), and also showed a trend in mouse scars.
Analysis of theses serine proteases by pseudotime trajectories in
human FBs revealed that their expression mainly increased over
time and AEBP1 and HTRA1 significantly enriched at the end of
branch 2 (Figure S7). Together, these data suggest a major role of
serine proteases in scar formation and/or maturation.

The serine proteases DPP4 and urokinase regulate TGFβ1-
mediated myofibroblasts differentiation and ECM over-
production. We next wanted to investigate the contribution of
the identified serine proteases to scar formation. Since specific
inhibitors are commercially available only for DPP4 and uroki-
nase, we focused our further functional studies on these two
serine proteases. First, we corroborated our scRNAseq data by
analyzing RNA and protein expression of DPP4 and urokinase
(PLAU) using in situ hybridization (Figure S8), and immuno-
fluorescence staining of human (Fig. 6A–C) and murine (Fig-
ure S8E-G) skin and scars. Immunofluorescence staining revealed
expression of urokinase in the dermis and epidermis of healthy
skin. In contrast, DPP4 was only present in the dermal com-
partment of healthy skin. Whereas the expression of DPP4 was
significantly increased in the epidermis and dermis of hyper-
trophic scars in both species, immunofluorescence staining
revealed only a slight, not significant upregulation of PLAU in the
dermal compartment of hypertrophic scars. Since detection of
released proteins by immunofluorescence often shows difficulties,
we further quantified urokinase and DPP4 in human tissue
biopsies using ELISA. Interestingly, both urokinase and DPP4
were significantly increased in human scar tissue compared to
normal skin (Fig. 6F, G).

As TGFβ1 is one of the key inducers of scarring and tissue
fibrosis, causing differentiation of FBs to profibrotic
myofibroblasts19,39–41, we hypothesized that the serine proteases
interact with TGFβ-signaling. To test this, we performed siRNA-
mediated gene knockdown of DPP4 and PLAU in primary FBs
from healthy human skin. The knockdown significantly down-
regulated DPP4 and PLAU mRNA expression levels (Figure S9A,
B) and almost completely abolished the production of the
respective proteins (Fig. 7A). Knockdown of both genes strongly
reduced TGFβ1-mediated expression of alpha-smooth muscle
actin (αSMA), a marker for myofibroblasts (Fig. 7B). The reduced
αSMA expression was accompanied by a reduced ability to

Fig. 2 Analysis of fibroblast subsets. A Phylogenetic clustertree calculated based on UMAP-clustering of subsetted fibroblasts only. B, C UMAP-plots of

re-clustered skin and scar fibroblasts, split by tissue, reclustering identified 11 fibroblast clusters (subFB1-11). D Feature plots illustrating computational

basis for dotplots. Dotplots of top 50 regulated genes (according to lowest adjusted p-value) comparing scar FBs versus skin FBs. E Dotplot of top 50

regulated genes (according to lowest adjusted p-value) cluster subFB1 compared to all other scar FBs. F Gene ontology-term network was calculated based

on significantly upregulated (adj. p-value <0.05, avg.logFC >0.1) genes comparing subFB1 to all other scar FBs. Gene list was imputed in ClueGO plug-in in

Cytoscape with medium GO-specificity, with GO-term fusion, only significant (P value < 0.05) GO terms are shown. Circle size correlates with P value,

lines (“edges”) represent functional connection of respective GO terms. Red circles represent association of GO-term with TGFβ-signaling, purple, with

extracellular matrix, green, with smooth muscle differentiation, blue, with signaling factors, and yellow with bone formation and -development. UMAP,

uniform manifold approximation and projection.
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contract a matrix of collagen in vitro (Fig. 7C). We also analyzed
components of the ECM and found significantly lower expression
of different collagens and fibronectin (FN1) in knockdown FBs
(Figure S9C-F). While FN1 protein release was strongly
reduced (Fig. 7E), protein levels of COL1α1 were not reduced
48 h after gene silencing (Fig. 7D). Of note, transfection of
cells led to a strong increase of baseline levels of FN1 and

COL1α1, which might be the reason for the weak response to
TGFβ1 stimulation.

Next, we assessed these effects using the specific inhibitors for
DPP4 (Sitagliptin) and PLAU (BC-11). Both inhibitors were able
to abolish TGFβ1-induced αSMA production to a comparable
degree as the specific gene knockdown (Fig. 7F, G). Surprisingly,
collagen contraction was not inhibited with the inhibitors
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(Fig. 7H), indicating off-target or unspecific inhibitor effects.
Moreover, Sitagliptin and BC-11 attenuated TGFβ1-induced
overproduction of the ECM-proteins Col1a1 (Fig. 7I), and
fibronectin (Fig. 7J) by FBs. These results demonstrate that
serine proteases are involved in TGFβ1-induced myofibroblast
differentiation. Of note, not all observed effects found in FBs
deficient for PLAU or DPP4, were mirrored with pharmacological
inhibitors.

To investigate whether the serine protease inhibitors interfere
with TGFβ1 signaling, we analyzed the TGFβ1-induced SMAD
and ERK signaling pathways42. Neither knockdown of DPP4 or
PLAU nor addition of the inhibitors led to a significant inhibition
of the SMAD and ERK1/2 signaling pathway (Figure S10A). To
further identify other signaling pathways that might be involved
in the action of the serine protease inhibitors, we used a signaling
proteome profiler, showing that none of the signaling molecules
were blocked by the inhibitors (Figure S10B). Interestingly, the
GSKα/β-pathway, known to attenuate fibrotic processes in the
heart43 was significantly activated by BC-11 (Figure S10B-D),
indicating a counter-regulatory action. Together, these data
suggest that sitagliptin and BC-11 do not interfere with canonical
or known non-canonical TGFβ1 signaling.

The serine protease inhibitors Sitagliptin and BC-11 improve
scar formation by interfering with production and organiza-
tion of the ECM. We next attempted to assess the effects of
Sitagliptin and BC-11 in in vivo scar formation in mice (Fig. 8A).
Application of the inhibitors did not interfere with wound healing
(Fig. 8B), and even showed a slight, non-significant trend toward
faster wound closure after application of BC-11 (Fig. 8C).
scRNAseq of scars (Fig. 8D–J) showed a lower number of the
main matrix producing FB clusters mFB1 and mFB2 in BC-11
stimulated scars after 8 weeks (Fig. 8F, I). The top 50 regulated
genes are shown in Figure S11. Treatment of mice scars with BC-
11 and Sitagliptin resulted in a slightly higher expression of
Col1a1, but significantly lower expression of Col3a1, Col5a1, and
Fn1. Interestingly, both inhibitors reduced the expression of their
target proteases. Of note, BC-11 treatment also strongly reduced
Dpp4 expression (Fig. 8K).

To assess formation of the ECM and collagen deposition, we
stained skin and scar samples with picrosirius red (Fig. 9A) and
with antibodies against collagen 3 (Fig. 9B), and fibronectin
(Fig. 9C). Sirius red staining showed a reduction in total collagen
deposition after treatment with both inhibitors (Fig. 9A).
Immunofluorescence stainings revealed a significant alteration
in collagen alignment and size of the collagen bundles between
skin and scars but also between untreated scars and scars treated
with inhibitors. As shown in Fig. 9B and C, both inhibitors
strongly reduced the thickness of collagen bundles. To assess the
quality of the resulting scar tissue, we used CurveAlign, a tool

designed to measure orientation of the ECM. Comparable areas
directly adjacent and parallel to the epidermis were analyzed in
H&E-stained sections of skin and scars (Fig. 9B). An alignment
coefficient was calculated from orientation and alignment of
collagenous fibers. A lower coefficient indicated less parallelism
and thus less dense dermis. Strikingly, BC-11 treated scars
showed a significantly lower alignment coefficient than control
scars (Fig. 9C). This effect was not observed in sitagliptin-treated
scars. Together, our data suggest that Sitagliptin, and even more
prominently BC-11 interfere with matrix deposition in vivo,
representing promising candidates for the improvement of
(hypertrophic) skin scar formation.

Discussion
Although skin fibrosis has been extensively studied, key
mechanisms leading to the development of hypertrophic scars are
still not well understood. In addition, treatment options to pre-
vent or treat (hypertrophic) scars are still scarce44 and not
exceptionally effective. In the present study, we used scRNAseq to
elucidate the genetic landscape of hypertrophic scar tissue at a
hitherto unmet single-cell resolution.

As expected, our scRNAseq analysis confirmed a plethora of
previous studies, but also identified numerous genes, which have
so far not been described in the context of skin scarring or tissue
fibrosis. For example, the cytokines MDK (midkine) and PTN
(pleiotrophin), both involved in cell growth, migration, and
angiogenesis45, were strongly upregulated in scar FBs. In contrast,
SOD2/3 (superoxide dismutase 2/3), an enzyme controlling the
release of reactive oxygen species (ROS), hence acting as impor-
tant antioxidant46, was strongly downregulated in scar FBs.
Intriguingly, failure of ROS-scavenging has already been shown to
contribute to hypertrophic scar formation47. Another interesting
and significantly downregulated gene in scars was SFN (stratifin).
As stratifin has been identified as potent collagenase-stimulating
factor in FBs, its downregulation in scars suggests a contribution
to the maintenance and/or progression of the fibrotic phenotype
by preventing matrix degradation. However, we also identified
interesting, so far undescribed differences in other cell types. In
human SMC/Pericytes for example, we found a strong upregu-
lation of a group of methallothionins (MT1G, MT1E, MT2A,
MT1A), which were previously found to be increased in keloid
FBs and concomitantly regulated with collagens upon treatment
with TGFβ48, however, their role in hypertrophic scars has yet to
be determined. We also identified a rearrangement of T-cell
subsets in mouse scar tissue (Figure S12). In the light of a pre-
vious publication by Kalekar et al.49, demonstrating that GATA3-
expressing regulatory T cells contribute to FB activation in
murine dermal fibrosis, and our finding, that Gata3 is strongly
upregulated in mouse scars, it is likely that T-cell subsets con-
tribute significantly to scar formation. However, we were not able

Fig. 4 Two-timepoint mouse scar model identifies genes regulated in scar maturation. A Workflow of mouse skin scar model and two-timepoint (n= 2

per timepoint) scRNAseq. B Phylogenetic clustertree calculated unsupervised based on unsupervised UMAP-clustering. C UMAP-plots of mouse scar

tissue, split by timepoint, after integration of all samples, identifying four fibroblast clusters (mFB1-4), smooth muscle cells and pericytes (mPC/SMC),

endothelial cells and lymphatic endothelial cells (mEC/LEC), T cells, dendritic cells (mDC), Langerhans cells (mLC), nine keratinocyte clusters (KC1-9),

adipocytes (mAdipo), and melanocytes (Mel). D Pie charts show relative numbers of cells in clusters, split by timepoint. Feature plots and bar graphs of

number of differentially expressed genes (nDEG) per cluster of E up- and F downregulated genes per cluster. G, H Violin plots of ECM-associated genes.

Acta2 skin vs 6w p= 2.22e−16; 6w vs 8w p= 1.4e−6; Col1a1 p= 2.22e−16, p= 0.23; Col3a1 p= 2.22e−16, p= 0.0079, Col5a1 p= 2.22e−16; p= 5e−5, Fn1

p= 2.22e−16; p= 5.5e−10; Fbln1 p= 1.3e−10, 2.22e−16; Lum p= 0.065, p= 2.22e−16; Ogn p= 9.3−0.5, p= 2.22e−16; Pcolce p= 2.22e−16, 2.22e−16;

Tgfbi p= 0.023, p= 2.22e−16. Vertical lines in violin plots represent maximum expression, shape of each violin represents all results, and width of each

violin represents frequency of cells at the respective expression level. DEGs were calculated per cluster comparing 8- vs 6-week-old scars using a two-

sided Wilcoxon-signed rank test, including genes with average logarithmic fold change (avg_logFC) of >0.1 or <−0.1 and Bonferroni-adjusted p-value

<0.05. Feature plots show projection of nDEG onto the UMAP-plot, color intensity represents nDEG. Bar graphs show absolute number of nDEG per

cluster, y-axis represents nDEG. UMAP uniform manifold approximation and projection.
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to identify comparable variations in T-cell subsets in human
mature hypertrophic scars (Figure S13). It is therefore conceivable
that these T-cell subsets play a role in initial scar formation
processes rather than in established mature hypertrophic scars. In
addition, species-dependent variances cannot be ruled out. Of
note, Serpinb2, a specific urokinase inhibitor was downregulated
in both species in specific T-cell subsets. Less endogenous

urokinase inhibitors in scars might be an additional explanation
for the high efficacy of BC-11, which was not only found in
T cells but also in several other cell clusters in human scars and
mouse scars (Figure S14). Together, these and many other novel
factors identified in our study could be important, decisive
molecules for the development and/or maturation of hyper-
trophic scars. Thus, our study has built a basis for future studies
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describing the role of these molecules in skin scarring and tissue
fibrosis.

Our combined study of human mature hypertrophic scars and
scar maturation in mice identified a group of serine proteases as
key player for scar development and maturation. Although DPP4-
positive FBs have previously been identified as the main source of
ECM production in the skin50, and urokinase has been shown to
be involved in lung fibrosis19, their roles in myofibroblast dif-
ferentiation and production of ECM are still unclear. Our finding
that siRNA-mediated gene knockdown and addition of specific
DPP4 and urokinase inhibitors to TGFβ1-stimulated FBs almost
completely inhibited myofibroblast differentiation and upregula-
tion of matrix proteins was striking. Sitagliptin, the here used
DPP4 inhibitor, is an effective drug widely used for the treatment
of diabetes mellitus51. Recently, Li et al. showed that exposure of
FBs derived from hypertrophic scars to high glucose led to acti-
vation of the IGF/Akt/mTOR signaling pathway, suggesting a
possible mechanism by which gliptins interfere with fibrotic
processes52. Based on our study, it might be very interesting to
systemically evaluate differences in scar formation and scar
quality of diabetic patients treated with either gliptins or other
drugs with serine protease inhibitory action. Indeed, an initial
investigation on hypertrophic scar formation in Japanese patients
receiving gliptins showed already promising results53. As gliptins
are already approved for clinical use, an off-label topical appli-
cation including non-diabetic patients would be a promising step
forward to fully elucidate its efficacy on skin scarring.

The urokinase inhibitor BC-11 showed more pronounced
effect on scar formation compared to sitagliptin. Strikingly, BC-
11 also inhibited the expression of both, PLAU and DPP4. The
exact underlying mechanism needs further investigations; how-
ever, the combined action of BC-11 on both serine proteases
might explain its better performance on collagen deposition
in vivo. So far BC-11 has only been used in vitro, and further
in vivo testing for efficacy and safety is still required. Inhibition of
urokinase to attenuate tissue fibrosis per se might appear coun-
terintuitive, as urokinase facilitates fibrinolysis and regulates
ECM-turnover, eliciting anti-fibrotic action54. However, literature
on urokinase inhibitors and fibrosis is contradictory. The best
investigated endogenous urokinase-inhibitor, plasminogen acti-
vator inhibitor-1 (PAI-1, SERPINE1), was found to cause exces-
sive matrix deposition after injury55. By contrast, and in line with
our results, inhibition of urokinase by PAI-1 suppressed profi-
brotic response in FBs from fibrotic lungs and prevented cardiac
fibrosis in mice18. Therefore, our study suggests the use of uro-
kinase inhibitor BC-11 as a possible therapeutic strategy for the
treatment of skin scars. Further studies are necessary to fully
elucidate its efficacy in vivo.

Surprisingly, our analyses revealed no influence of the inhibi-
tors and knockdown of the serine proteases on the canonical

TGFβ1 signaling pathway. Although DPP4 inhibition has pre-
viously been demonstrated to directly inhibit canonical TGFβ
signaling via Smad2 in renal fibrosis56 and TGFβ-mediated
myoFB-differentiation by interfering with ERK signaling57, we
were not able to confirm these mechanisms in skin FBs.
Regarding BC-11, we found a significant activation of GSK3α/β in
TGFβ1-stimulated FBs. Since GSK3β was previously found to
interact with WNT/β-catenin signaling58,59, and deletion of
GSK3β induced a profibrotic myofibroblast phenotype in isolated
cardiac FBs in mice43, the activation of GSK3α/β suggests a
counter-regulation of TGFβ1 signaling. It is therefore conceivable
that BC-11, at least partially, exerts its anti-fibrotic action via
activation of GSK3α/β. Deciphering the exact underlying
mechanism by which the inhibitors interfere with TGFβ signaling
will be the scope of further studies.

In this study, we analyzed human hypertrophic scars and
mouse scar formation on a single-cell level. However, several
limitations should be considered. Due to the high costs and the
fact that scRNAseq yields large datasets of tens of thousands of
cells, thereby smoothening donor and technical variances60, low
donor numbers are usually justifiable61–63. Nevertheless, the
relatively small sample size in our study should be considered as a
limitation of our study. Differences in body sites between scar
tissue and healthy skin, and the fact that healthy skin and scars
were not taken from the same donors could affect comparability
of the data. However, a recent study by Ascension et al.64,
comparing different single-cell datasets of skin samples from
different body regions showed that the major FB populations
were consistently present in all donors and body sites, suggesting
high comparability.

Furthermore, there are certainly considerable differences
between human and murine wound healing; while mouse wounds
heal predominantly via contraction promoted by the sub-
cutaneous panniculus carnosus, de novo formation and deposi-
tion of ECM and subsequent re-epithelialization prevails in
human wound healing65. However, a study assessing contribution
of epithelialization and contraction in mice found that each
accounted for 40–60%, and that mouse wound models can thus
be considered a valid model also for human wound healing66.
Moreover, our mouse scarring model does not fully reflect the
pathological fibrotic state of human hypertrophic scars. Although
mouse models for hypertrophic scars, e.g., subcutaneous bleo-
mycin injection67, or tight-skin mice68 have been described, their
transcriptome comparability with human hypertrophic scars is
not well investigated. We therefore suggest that future studies
testing the efficacy of serine protease inhibitors should be per-
formed in large animal models, e.g., pigs, which better reflect the
pathology of human hypertrophic scars68. In our experimental
model, creams containing protease inhibitors were topically
applied on wounds and scar tissue after complete wound closure.

Fig. 5 Comparing human scar gene expression and mouse scar maturation identifies mutual drivers of skin fibrosis. A Illustration of computational

basis for comparison human and mouse. Human cluster subFB1 vs remaining scar FBs significantly (adj. p-value <0.05) regulated genes were compared

with mouse scar FBs 8 weeks vs 6 weeks significantly regulated genes. B Venn diagrams of human and mouse up- (upper panel) and down- (lower panel)

regulated genes. C Table of mouse and human mutually up and D downregulated genes. E–I Violin plots and feature plots of serine proteases in mouse skin

and scars. Vertical lines in violin plots represent maximum expression, shape of each violin represents all results, and width of each violin represents

frequency of cells at the respective expression level. J Feature plots and violin plots of serine proteases in human skin and scar. AEBP1 (adipocyte enhancer-

binding protein 1) (p= 2.22e−16, p= 2.22e−16), DPP4 (dipeptidyl-peptidase 4) (p= 6.8e−9, p= 1.1e−15), HTRA1 (high-temperature requirement A serine

peptidase 1) (p= 2.22e−16, p= 2.22e−16), PLAU (urokinase) (p= 2.22e−16, p= 2.22e−16), PRSS23 (serine protease 23) (p= 2.22e−16, p= 4e−14). In

violin plots, dots represent individual cells, y-axis represents log2 fold change of the normalized genes and log-transformed single-cell expression. Vertical

lines in violin plots represent maximum expression, shape of each violin represents all results, and width of each violin represents frequency of cells at the

respective expression level. In feature plots, normalized log expression of the respective gene is mapped onto the UMAP-plot. Color intensity indicates

level of gene expressions. UMAP, uniform manifold approximation and projection. A two-sided Wilcoxon-signed rank test was used in R. NS p > 0.05,

*p < 0.05, **p < 0.01, ***p < 0.001.
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Fig. 6 Immunofluorescence staining confirms elevated expression of PLAU and DPP4 in human and mouse skin and scar. A H&E staining of human skin

and scar; immunofluorescent staining of B Urokinase and C DPP4 in human skin and scar. Quantification of staining intensity separate for epidermis and

dermis for D urokinase (p= 0.329 dermis, p= 0.815 epidermis) and E DPP4 (p < 0.0001 dermis, p < 0.0001 epidermis). For all stainings, n= 2–3 normal

skin samples were analyzed, and n= 4 scars. From each sample, five regions of interest per sample were quantified. ELISA from human whole skin (n= 6)

and scar (n= 6) lysate for F urokinase (p < 0.0001) and G DPP4 (p= 0.0037) is shown. Statistical significance was tested using two-tailed unpaired

Student t-test. Lines and error bars indicate mean and standard deviation. NS p > 0.05, *p < 0.05, **p < 0.01, ***p < 0.001. Source data are provided as a

Source data file.
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Whether the actives are able to penetrate wound scabs and/or
scar tissue, or the initial treatment on open wounds is already
enough to improve scar formation is currently not known. A
recent study investigating transdermal resorption of Sitagliptin69,
however, indicates sufficient skin penetration. As literature for
BC-11 is scarce, future studies are needed to evaluate its phar-
macodynamics and pharmacokinetics properties.

Since we have demonstrated significant differences between
specific knockdown of PLAU and DPP4 and the inhibitors with
regard to collagen contraction, it is conceivable that both inhi-
bitors show side effects which have to be fully elucidated in
further studies. Finally, histological analysis revealed up to 10%
normal adjacent skin in the mouse scar samples, which slightly
impacts our single-cell analysis.

Together, our study provides a genetic landscape of hyper-
trophic scars which is the basis for further investigations on genes

and fibrotic processes hitherto not studied in the context of skin
scarring. Our in vitro and in vivo approaches suggest the use of
serine protease inhibitors as treatment option for the prevention
or improvement of hypertrophic scar development.

Methods
Ethical statement. The Vienna Medical University ethics committee approved the
use of healthy abdominal skin (Vote Nr. 217/2010) and of scar tissue (Vote Nr.
1533/2017) and all donors provided written informed consent. Animal experiments
were approved by the Medical University of Vienna ethics committee and by the
Austrian Federal Ministry of Education, Science and Research (Vote Nr. BMBWF-
66.009/0075-V/3b/2018) and performed in accordance with the Austrian guidelines
for the use and care of laboratory animals. Mouse experiments were performed
once, repetition of the experiment was not permitted by the ethics committee.

Scar and skin samples. Resected scar tissue (n= 3) was obtained from patients
who underwent elective scar resection surgery (donor information is provided in
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Table S1). Scars were classified as hypertrophic, pathological scars according to
POSAS70 by a plastic surgeon. Only mature scars, which had not been treated
before and persisted for more than 2 years were used for all experiments. All
donors had no known chronic diseases and received no chronic medication. The
quality of scar tissue was assessed by histological analysis. No adjacent normal skin
was observed in any of the scar samples. Healthy skin (n= 3) was obtained from
female donors between 25 and 45 years from surplus abdominal skin removed
during elective abdominoplasty.

Mouse full skin wounding and scar maturation. Female Balb/c mice bred at the
animal facility of the Medical University of Vienna (Himberg, Austria) were
housed under specific-pathogen-free conditions at 22 ± 2 °C room temperature and
55 ± 10% humidity, with 12 h/12 h light/dark cycles and food and water access ad
libidum. Female mice were used due to easier handling and better experimental
compliance, which was necessary to enable frequent handling and application of
treatment. For full-thickness skin wounds, mice were anesthetized with 100 mg/kg
Xylazin and 5 mg/kg ketamin (both Sigma-Aldrich, St. Louis, MO, USA) intra-
peritoneally. Postoperative analgesia was provided with 0.1 mg/kg Buprenorphin
(Temgesic®, Indivior Inc., North Chesterfield, VA, USA) subcutaneously and
0.125 mg/ml Piritramid (Janssen-Cilag Pharma, Vienna, Austria) in drinking water
ad libidum. A 9 × 9mm2 area was marked on shaved backs and excised with sharp
scissors. The wounds were left to heal uncovered without any further intervention.
Mice were sacrificed 6 or 8 weeks after wounding, and scar tissues were isolated.
Four-millimeter biopsies were taken from the scar tissue and analyzed individually
for scRNAseq as described below. The quality of scar tissue was assessed by his-
tological analysis. Samples with a maximum of 20% normal adjacent skin were
used for further analyses.

Serine protease inhibitor treatment. Mouse full-thickness skin wounds were
induced as described above. Ultrasicc/Ultrabas ointment (1:2; Hecht-Pharma,
Bremervörde, Germany) was used as carrier substance for all treatments. Four parts
Ultrasicc/Ultrabas and 1 part water were mixed and used as control treatment. For
protein inhibitors, Sitagliptin (final concentration 1 mM) or BC-11 (final con-
centration 5 mM) were dissolved in water and mixed with the ointment. Imme-
diately after wounding, mice were treated with control or inhibitors by applying
100 µl ointment on each wound. After application, mice were put individually in
empty cages without litter for 30 min and monitored closely to prevent immediate
removal of the treatments and allow sufficient tissue resorption. Scabs were left
intact to prevent wound infections. Mice were treated daily for the first 7d, and
thrice a week for 7 weeks. After scar formation, 4 mm biopsies of the scar tissue
were taken and cut in half. One half each scar sample was used for histological
analysis, and the other biopsy halves from each treatment group were pooled and
analyzed together with scRNAseq as described below.

Single-cell isolation and fluorescence-activated cell sorting (FACS). Biopsies
from human skin, human scars, and from naturally matured or treated mouse scar
tissue were enzymatically digested with MACS Miltenyi Whole Skin Dissociation
Kit (Miltenyi Biotec, Bergisch-Gladbach, Germany) for 2.5 h according to the
manufacturer’s protocol. After processing on a GentleMACS OctoDissociator
(Miltenyi), cell suspensions were passed through a 70 µm and a 40 µm filter and
stained with DAPI nuclear dye. Cells were sorted on a MoFlo Astrios high-speed
cell sorting device (Beckman-Coulter, Brea, CA, USA), and only DAPI-negative
cells, representing viable cells, were used for single-cell RNAseq (Figure S1).

Generation of single-cell gel-bead in emulsions (GEMs) and library pre-

paration. Immediately after sorting, viable cells were loaded on a 10X-chromium
instrument (single-cell gene expression 3’v2/3, 10X Genomics, Pleasanton, CA,
USA) to generate GEMs. GEM-generation, library preparation, RNA-sequencing,
demultiplexing, and counting were done by the Biomedical Sequencing Core
Facility of the Center for Molecular Medicine (CeMM, Vienna, Austria). Sequen-
cing was performed on an Illumina HiSeq 3000/4000 (Illumina, San Diego, CA,
USA) with 3 samples per lane, 2 × 75 bp, and paired-end sequencing.

Cell–gene matrix preparation and downstream analysis. Raw sequencing files
were demultiplexed, aligned to the human or mouse reference genome (GrCh38/
mm10) and counted using the Cellranger pipelines (Cellranger v3, 10X Genomics).
The resulting cell–gene matrices were processed using the ‘Seurat’-package (Seurat
v3.1.0, Satija Lab, New York, NY, USA) in R-studio in R (R v3.6.2, The R Foun-
dation, Vienna, Austria). From each sample, unwanted variations and low-quality
cells were filtered by removing cells with high and low (>3000 and <200) unique
molecular identifier (UMI)-counts. First, healthy skin and scar samples were
integrated separately to avoid clustering according to donors, and for batch cor-
rection. Subsequently, skin and scar data were integrated again into one dataset.
Data integration was performed according to the recommended workflow by Butler
et al. and Stuart et al.60,71. After quality control comparing all donors, we obtained
transcriptome data from a total of 25,083 human skin and scar cells, with a median
of 24,943 reads and 851 detected genes per cell. In mice, we obtained data from
6561 cells 6 weeks after wounding, and 9393 cells 8 weeks after wounding. The
samples displayed a median of 24,774 reads per cell, and median of 1969 detected
genes per cell. After quality control, all mouse samples were integrated together in
one integration step. In both datasets, normalized count numbers were used for
differential gene expression analysis, for visualization in violin plots, feature plots,
dotplots, and heatmaps, when displaying features that vary across conditions, as
recommended by current guidelines72. In both datasets, cell types were identified
by well-established marker gene expression (Figures S2A and S4A). For identifi-
cation of differentially expressed genes (DEGs), normalized count numbers were
used, including genes present in the integrated dataset to avoid calculation of batch
effects. As keratin and collagen genes were previously found to contaminate skin
biopsy datasets and potentially provide a false-positive signal73, these genes
(COL1A1, COL1A2, COL3A1 and KRT1 KRT5, KRT10, KRT14, KRTDAP) were
excluded from DEG calculation in non-fibroblast clusters (collagens) or non-
keratinocyte clusters (keratins), respectively. Moreover, genes Gm42418, Gm17056,
and Gm26917 caused technical background noise and batch effect in mouse
scRNAseq, as described before74, and were thus excluded from the dataset.

Pseudotime analyses. Pseudotime analyses, trajectory construction, and calcula-
tion of pseudotime-dependent gene expression were performed in Monocle2
(Monocle2, v2.14.0, Trapnell Lab, University of Washington, Seatlle, WA,
USA)35,75. From the integrated FB subset Seurat-object, data were converted into a
monocle-compatible CellDataSet. Analysis was then performed according to the
recommended pipeline. Cells with mRNA counts two standard deviations above or
below the mean were excluded. Size factors and dispersions were estimated, tSNE-
reduction and clustering were performed35,36,75. As input for pseudotime ordering,
differentially expressed genes between skin and scar were used, and trajectories
were constructed with DDRTree (R-package ‘DDRTree’ v0.1.5, 2015)36.

Gene ontology (GO)-networks. Gene lists of significantly regulated genes
(adjusted p-value <0.05, average log fold change [avg_logFC] >0.1) were imputed in
ClueGO v2.5.576 plug-in in Cytoscape v3.7.277 with medium GO-specificity, with

Fig. 7 Knockdown and pharmacological inhibition of DPP4 or urokinase prevents TGFβ-induced myofibroblast differentiation. A, B Western blot of

primary FBs after knockdown of PLAU or DPP4. B Western blot of primary FBs after knockdown of DPP4 or PLAU stimulated with active TGFβ1 for 24 h to

differentiate FBs into alpha-smooth muscle actin-expressing (αSMA) myofibroblasts, and western blot quantification (n= 3). scr vs scr+TGFβ1, p=0.0006;

scr+TGFβ1 vs PLAUsi+TGFβ1 p=0.0010; scr+TGFβ1 vs DPP4si+ TGFβ1 p=0.0017. C Collagen contractility with FBs after knockdown of PLAU or DPP4 and

stimulation with or without active TGFβ1. scr vs PLAUsi p=0.0194; scr vs scr+TGFβ1 p=0.0005; scr+TGFβ1 vs PLAUsi+TGFβ1=0.0018. D Collagen I

(p>0.05) and E fibronectin (scr vs scr+TGFβ1, p=0.0193; scr vs PLAUsi p <0.0001; scr vs DPP4si p=0.0001; scr+TGFβ1 vs PLAUsi+TGFβ1=0.0017;

scr+TGFβ1 vs DPP4si+TGFβ1=0.0006) concentrations in supernatants of TGFβ1-stimulated primary skin FBs after knockdown with PLAU or DPP4. F, G

Western blot of primary FBs stimulated with active TGFβ1 for 24 h to differentiate FBs into alpha-smooth muscle actin-expressing (αSMA) myofibroblasts, and

quantification of western blot (n= 5–6). Myofibroblast differentiation inhibited with F urokinase inhibitor BC-11 (Ctrl vs Ctrl+TGFβ1 p=0.049, Ctrl+TGFβ1 vs BC-

11+TGFβ1 p=0.020) or G DPP4 inhibitor Sitagliptin (Ctrl vs Ctrl+TGFβ1 p=0.0183, Ctrl+TGFβ1 vs Sitagliptin+TGFβ1 p=0.0356). H Collagen contractility with

FBs after inhibition with BC-11 or Sitagliptin and stimulation with or without active TGFβ1 (Ctrl vs Ctrl+TGFβ1 p=0.024; Ctrl+ TGFβ1 vs BC-11+TGFβ1 p=0.037).

I Collagen I (Ctrl vs Ctrl+TGFβ1 p=0.0465; Ctrl+TGFβ1 vs BC-11+TGFβ1 p=0.021) or J fibronectin (Ctrl vs Ctrl+TGFβ1 p=0.0009; Ctrl vs Sitagliptin+TGFβ1

p=0.0002) in supernatants of stimulated primary skin FBs, detected by enzyme-linked immunosorbent assay (ELISA). Quantification from western blot was

calculated by pixel density measurement in ImageLab, adjusted to GAPDH and normalized to respective Ctrl values. Experiments were performed in duplicates of

n= 5 each. Whiskers represent range maximum and minimum values with <1.5 interquartile range, boxes represent 25th–75th quartiles, line represents mean.

Statistical significance was tested using two-way ANOVA with Tukey post-test. NS p>0.05, *p<0.05, **p<0.01, ***p<0.001. Source data are provided as a

Source data file.
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GO-term fusion, and only significant (P value < 0.05) GO terms are depicted as
circles, whereby circle size correlates with P value, and lines represent functional
connection of respective GO terms.

Immunofluorescence staining. Immunofluorescence staining on formalin-fixed,
paraffin-embedded (FFPE) sections of skin and scar tissue were performed
according to the protocol provided by the respective antibody manufacturer as
described previously78. In brief, sections were deparaffinized in xylene and alcohol,
antigen retrieval was performed with pH6 citric acid buffer, sections were washed
in phosphate-buffered saline, and incubated with antibodies overnight at 4 °C.
Sections were washed again, and incubated with secondary antibodies, blocking

sera of secondary antibodies species, and Hoechst, for 1 h at room temperature.
Antibodies were used as indicated in Table S2. After the last wash, sections were
mounted in aqueous mounting medium. Stainings were photographed using an
Olympus BX63 microscope (Olympus, Tokyo, Japan) with Olympus CellSens
Dimension v2.3 (Olympus) software with standardized exposure time for all
samples. Staining intensity was quantified separately in dermis and epidermis using
ImageJ v1.53c79. For dermal quantification, regions of interest (ROIs) of 70 × 70
pixels were directly adjacent and parallel to the epidermis, contained no hair
follicles or blood vessels, and were obtained from all regions of the specimen. For
epidermal quantification, ROIs of 30 × 30 pixels located within the epidermis from
all regions of each specimen. The total corrected fluorescence was measured by
subtracting background values from area integrated density in the respective ROI.
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Picrosirius red staining. Picrosirius Red staining was performed according to the
manufacturer’s protocol of the staining kit (ab150681, Abcam, Cambridge, UK).

Isolation of primary skin fibroblasts. Five mm biopsies were taken from fresh
abdominal skin, washed in phosphate-buffered saline (PBS), and incubated in
2.4 U/ml Dispase II (Roche, Basel, Switzerland) overnight at 4 °C. The next day,
epidermis was separated from dermis, and dermis was incubated with Liberase TM
(Merck Millipore, Burlington, MA, USA) in Dulbeccos modified eagle medium
(DMEM, Thermo Fisher Scientific, Waltham, MA, USA) without supplements at
37 °C for 2 h. Next, the dermis was passed through 100 µm and 40 µm filters, rinsed
with PBS, and cells were plated in a T175 cell culture flask. Medium was changed
the next day, and then every other day until FBs reached 90% confluency. First
passage FBs were used for TGFβ1-stimulation experiments.

TGFβ1-induced myofibroblast differentiation. After the first passage, isolated
primary FBs were plated in 6-well plates, supplied with DMEM+ 10% fetal bovine
serum (FBS, Thermo Fisher Scientific) and 1% penicillin/streptomycin (Thermo
Fisher Scientific) and grown until 100% confluency. FBs were then stimulated with
10 ng/ml TGFβ1 (HEK-293-derived, Peprotech, Rocky Hill, NJ, USA), and with or
without DPP4 inhibitor Sitagliptin (10 µM) (Thermo Fisher Scientific) or
urokinase-inhibitor BC-11 hydrobromide (10 µM) (Tocris by Bio-Techne, Bristol,
UK) for 24 h. Supernatants were removed and medium and inhibitors were
resupplied for another 24 h. Supernatants were collected and stored at −80 °C and
cells were lysed in 1x Laemmli Buffer (Bio-Rad Laboratories, Inc., Hercules, CA,
USA) for further analysis. To analyze signaling pathways, FBs were stimulated with
TGFβ1 and inhibitors for 1 h, and then harvested in 1x Laemmli Buffer with
protease inhibitor (cOmplete, MiniProtease Inhibitor Cocktail Tablets, Roche,
Basel, Switzerland) and phosphatase inhibitor (Pierce™Phosphatase Inhibitor Mini
Tablets, Thermo Scientific).

siRNA-mediated gene silencing. Small interfering RNA (siRNA) transfection was
conducted according to the previously published protocol80 with minor mod-
ifications. siRNAs targeting PLAU (#HSS108076, Thermo Fisher Scientific) and
DPP4 (#HSS102892, Thermo Fisher Scientific) were used. Briefly, primary human
FBs of 3 donors were transfected using Lipofectamine 2000 (Thermo Fisher Sci-
entific). A total of 5 ml of Opti-MEM medium (+L-Glutamine, 4-[2-hydro-
xyethyl]-1-piperazineethanesulfonic acid, Phenol Red; Gibco by Life Technologies)
were mixed with 50 μl of Lipofectamine 2000 and 65 μl of a 20 μM small interfering
RNAs or scrambled control RNA (Low GC Duplex; Thermo Fisher Scientific).
After 15 min incubation, the solution was added to 20 ml DMEM medium and
transferred to FBs. Protein and RNA samples were prepared 48 h after transfection.

Quantitative real-time PCR. Total RNA was prepared from fibroblast monolayers
using TRIzol (Thermo Fisher Scientific) according to manufacturer’s instructions.
cDNA was synthesized using iScript™ cDNA Synthesis Kit (Bio-Rad, Hercules, CA,
USA) according to manufacturer’s instructions. Relative quantification was per-
formed by using the Light Cycler Master SYBR Green I kit (Roche Applied Science,
Basel, Switzerlad) on a LightCycler480 II thermocycler (Roche). Primers were
designed using the Primer3 software (version 0.4.0, https://bioinfo.ut.ee/primer3-
0.4.0/) and synthesized by Microsynth AG (Balgach, Switzerland). Samples were
normalized to β-2-microglobulin (B2M) levels as reference gene. Primers with the
sequences indicated in Table S3 were used.

Gel contraction assay. Primary human FBs or FBs silenced for DPP4 or PLAU
(3 × 105 fibroblasts per ml) were mixed purified bovine collagen solution (PureCol,
Advanced BioMatrix, San Diego, CA) and 10% 10× Hanks’ Balanced Salt Solution

(Thermo Fisher Scientific). Cell suspensions were poured into 6-well plates and
allowed to solidify for 2 h at 37 °C in a humidified atmosphere. After equilibration
with DMEM medium overnight, the collagen gels containing knockdown fibro-
blasts were further incubated with DMEM and gels with normal fibroblast were
either treated with sitagliptin (10 µM) and BC-11 (10 µM) or left untreated. Col-
lagen gels were further maintained in the absence or presence of TGFβ1 (10 ng/ml).
After 48 h, gels were photographed, and gel areas were calculated using ImageJ
software.

Western blotting. Primary FBs were lysed in 1x Laemmli Buffer (Bio-Rad
Laboratories, Inc.) and loaded on 4–15% SDS-PAGE gels (Bio-Rad Laboratories,
Inc.). Proteins were transferred on a nitrocellulose membrane (Bio-Rad Labora-
tories, Inc.), membranes were blocked in non-fat milk with 0.1% Tween 20 (Sigma-
Aldrich for 1 h, and incubated with antibodies as indicated in Table S2 at 4 °C
overnight. After washing, membranes were incubated with horseradish-peroxidase
conjugated secondary antibodies as indicated in Table S2 for 1 h at room tem-
perature. Signals were developed with SuperSignal West Dura substrate (Thermo
Fisher Scientific) and imaged with a Gel Doc XR+ device (Bio-Rad Laboratories,
Inc.). Quantification analysis was performed with the Volume tool in ImageLab
6.0.1 (Bio-Rad), adjusted to GAPDH expression, and normalized to respective Ctrl
samples to calculate fold change to Ctrl.

Proteome profiling of signaling pathways. To analyze signaling pathways, we
used a proteome profiler for human phospho-kinases (ARY003C, R&D Systems,
Biotechne, Minneapolis, MN, USA) according to the manufacturer’s instructions.

Enzyme-linked immunosorbent assay (ELISA). Supernatants of TGFβ1-
stimulated FBs after gene knockdown and treatment with protease inhibition were
collected, centrifuged, and stored at −20 °C for further use. Protein levels of human
procollagen Ia1 ELISA (R&D Systems) and human fibronectin ELISA (R&D Sys-
tems) were measured according to the manufacturer’s manual. Absorbance was
detected by FluoStar Optima microplate reader (BMG Labtech, Ortenberg, Ger-
many). Six-millimeter punch biopsies of healthy skin and hypertrophic scar tissue
were lysed in 1% Triton X-100 lysis buffer (Sigma) and mechanically homogenized
using precellyse tissue homogenizer. After centrifugation, lysates were analyzed
using DPP4 and urokinase ELISAs (both R&D Systems) Total protein con-
centrations were measured using a BCA-kit (Abcam) according to the manu-
facturer’s protocol, and concentrations were normalized to total protein.

Scar planimetry. Collagen bundle alignment has been calculated using Curvealign
V4.0 Beta, a curvelet transform-based, open-source MATLAB software. Images of
H&E-stained tissues were edited by Adobe Photoshop CS6 (Adobe Inc, San Jose,
CA, USA) to adapt the collagen color, contrast, brightness, and in some cases
epidermal alignment to the image border. All images have been processed the same
way. Collagen alignment has been calculated according to Curvealign V4.0 Beta
manual (August 31, 2017)81. Depending on the tissue section, three or four regions
of interest per image were selected for calculation. As region size 256 height, 256
width, 1 ROIX, 1 ROIY was chosen. For statistical evaluation, the coefficiency of
alignment as comparable value for the relative fiber alignment for every region was
calculated. In total, 14 regions of interest calculated from 5 images taken from 4 to
5 animals for each condition.

RNAScope in situ hybridization. FFPE-sections of human skin and scar tissue
were prepared according to RNAScope (ACDBio, Bio-Techne, Bristol, UK) pre-
treatment protocol, hybridized with probes targeting human DPP4 (RNAscope®
Probe-Hs-DPP4) and PLAU (RNAscope® Probe-Hs-PLAU), and visualized with

Fig. 8 In vivo application of BC-11 or Sitagliptin reduces expression of ECM and serine proteases. A Workflow of mouse scarring and serine protease

inhibitors. Biopsies of n= 4 mice per group were pooled for scRNAseq. B Images of wound healing in control or inhibitor-treated mice after 9, 6, and

12 days. C Quantification of wound area every second day after wounding. Four mice per group with three measurements per timepoint per mouse

were analyzed. Wound area of d0 of every mouse was used as reference, and area was compared as percent of original wound size. Boxes indicate first and

third quartile, whiskers indicate min and max, line indicates median. Statistical significance was tested using two-way ANOVA with Tukey post-test.

D Phylogenetic clustertree calculated based on unsupervised UMAP-clustering. E–G UMAP-plots of mouse scar tissue, split by timepoint, after integration

of all samples, identifying four fibroblast clusters (mFB1-4), smooth muscle cells and pericytes (mPC/SMC), endothelial cells and lymphatic endothelial

cells (mEC/LEC), T cells, dendritic cells (mDC), Langerhans cells (mLC), nine keratinocyte clusters (KC1-9), adipocytes (mAdipo), and melanocytes (Mel).

H–J Pie charts show relative numbers of cells in clusters, split by treatment. K Violin plots of ECM-associated genes. Col1a1 Ctrl vs BC-11 p= 4.8e−16, Ctrl

vs Sitagliptin p= 0.3; Col3a1 Ctrl vs BC-11 p= 3.2e−12, Ctrl vs Sitagliptin p= 0.028; Col5a1 Ctrl vs BC-11 p= 1e−9, Ctrl vs Sitagliptin p= 1.4e−9; Fn1 Ctrl vs

BC-11 p= 2.22e−16, Ctrl vs Sitagliptin p= 8.6e−5; Dpp4 Ctrl vs BC-11 p= 2.22e−16, Ctrl vs Sitagliptin p= 8.3e−11; Plau Ctrl vs BC-11 p= 5.04e−6, Ctrl vs

Sitagliptin p= 0.022; vertical lines in violin plots represent maximum expression, shape of each violin represents all results, and width of each violin

represents frequency of cells at the respective expression level. A two-sided Wilcoxon-signed rank test was used in R. UMAP, uniform manifold

approximation and projection. NS p > 0.05, *p < 0.05, **p < 0.01, ***p < 0.001. using one-way ANOVA with Tukey post-test. NS p > 0.05, *p < 0.05,

**p < 0.01, ***p < 0.001. Source data are provided as a Source data file.
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RNAscope 2.5 HD Assay—RED as suggested by the manufacturer. Images were
acquired by AX70 microscope (Olympus, Tokyo, Japan) using the imaging soft-
ware MetaMorph (Olympus).

Statistical analyses. Two groups with normally distributed data were compared
by student’s t test. Data of three and more groups were compared by one-way
ANOVA with Tukey post hoc test. All statistical analyses were performed in
GraphPad Prism v8.0.1 (GraphPad Software, San Diego, USA). P-values were
marked in figure using asterisks indicating *p < 0.05, **p < 0.01, ***p < 0.001,
****p < 0.0001.

Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability
The scRNAseq data generated in this study have been deposited in the NCBI GEO
database under accession “GSE156326”. The raw sequencing data are protected and are
not available due to data privacy laws. If raw sequencing data are absolutely necessary for
replication or extension of our research, they will be made available upon request to the
corresponding author within a 2-week timeframe. All other relevant data supporting the
key findings of this study are available within the article and its Supplementary
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2.3. Chapter 3: The secretome of irradiated peripheral mononuclear cells attenuates hypertrophic 

skin scarring 

Despite having identified promising targets in our study highlighting the roles of proteases in skin scarring, 

good treatment options are still scarce. Due to high recurrence rates, poorly known mechanisms of 

action, and insufficient evidence supporting their safety and efficacy, current therapy alternatives for skin 

scarring are not satisfying (249). In recent years, stem cells have been proposed as a potential solution, 

with preclinical studies suggesting effective scar treatment or improvement of scar formation after 

application of conditioned media derived from different stem cell populations.  

However, there are limitations to the applicability of promising preclinical animal research to humans, the 

costs of the manufacturing of autologous conditioned media costs are high, and scalability for larger 

quantities are hardly feasible (1). The concept of cell-free paracrine therapy in an allogeneic situation 

has gained popularity, and peripheral blood mononuclear cells have been suggested as a source of 

paracrine components.  

The secretome of irradiated PBMCs has shown promising results in preclinical studies, with encouraging 

effects on wound healing, angiogenesis, and antimicrobial activity (1). PBMCsec was found to exert 

pleiotropic effects, including reducing activation of mast cells and basophils, reducing dendritic cell-

mediated T-cell priming, and regenerating infarcted myocardium. Clinically, PBMCsec has been found to 

be safe and well-tolerated in topical application in a phase I study, and a phase II clinical trial on the 

efficacy of allogeneic PBMCsec in patients with diabetic foot ulcers is currently ongoing (34, 40).  

In this work, we seek to explore possible PBMCsec mechanisms of action on skin scarring using a multi-

model murine and human approach at the single-cell level. We hypothesize that the anti-fibrotic effect of 

PBMCsec both prevents hypertrophic scarring and enhances tissue quality already present scars. Our 

study provides molecular insights into its anti-fibrotic action, which enables the further investigation 

of PBMCsec for potential clinical usage as a skin scarring treatment option in the future. By elucidating 

the cellular mechanisms of PBMCsec, this study builds a basis for the development of novel effective 

and safe treatments for skin scarring, improving the quality of life of millions of patients worldwide. 
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Abstract: Hypertrophic scars can cause pain, movement restrictions, and reduction in the quality of

life. Despite numerous options to treat hypertrophic scarring, efficient therapies are still scarce, and

cellular mechanisms are not well understood. Factors secreted by peripheral blood mononuclear

cells (PBMCsec) have been previously described for their beneficial effects on tissue regeneration.

In this study, we investigated the effects of PBMCsec on skin scarring in mouse models and human

scar explant cultures at single-cell resolution (scRNAseq). Mouse wounds and scars, and human

mature scars were treated with PBMCsec intradermally and topically. The topical and intradermal

application of PBMCsec regulated the expression of various genes involved in pro-fibrotic processes

and tissue remodeling. We identified elastin as a common linchpin of anti-fibrotic action in both

mouse and human scars. In vitro, we found that PBMCsec prevents TGFβ-mediated myofibroblast

differentiation and attenuates abundant elastin expression with non-canonical signaling inhibition.

Furthermore, the TGFβ-induced breakdown of elastic fibers was strongly inhibited by the addition of

PBMCsec. In conclusion, we conducted an extensive study with multiple experimental approaches

and ample scRNAseq data demonstrating the anti-fibrotic effect of PBMCsec on cutaneous scars in

mouse and human experimental settings. These findings point at PBMCsec as a novel therapeutic

option to treat skin scarring.

Keywords: scar; regeneration; peripheral blood mononuclear cell secretome

1. Introduction

Skin scarring after surgery, trauma, or burn injury is a major problem affecting 100 mil-
lion people every year, causing a significant global disease burden [1]. Patients with
hypertrophic scars, occurring in 40–90% of cases after injury [2], suffer from pain, pruritus,
and reduced quality of life [3,4]. Skin scarring has been extensively studied [5,6], and
recently, we were able to elucidate hypertrophic scar formation at the single-cell level [7].
However, many cellular mechanisms remain unclear, and for most conservative therapeutic
options, we have low evidence of their efficacy [8]. Wound healing and scar formation
are complex, rigidly coordinated processes, with multiple cell types being involved [9].
Wound healing is characterized by an acute inflammatory phase, a proliferative phase, and
a remodeling phase [9]. Prolonged inflammation results in increased fibroblast (FB) activity,
with enhanced secretion of transforming growth factor beta 1 (TGFβ1), TGFβ2, insulin-like
growth factor (IGF1), and other cytokines [10,11]. TGFβ1 induces the differentiation of
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FBs into myofibroblasts (myoFBs) [12]. myoFBs show strong contractility and excessively
deposit extracellular matrix (ECM) components, eventually leading to (hypertrophic) scar
formation. Matured (hypertrophic) scars show dense, parallel ECM and strong tissue
contraction [12].

Numerous pharmaceutical attempts to tackle hypertrophic scars have been proposed
during recent decades, e.g., intralesional injection of corticosteroids, 5-Fluorouracil (5-FU),
or triamcinolone (TAC) [13,14]. Other therapeutic options include compression therapy
or topical silicone application. These therapies, however, still lack evidence of efficacy
and safety and show high recurrence rates, and the mechanisms of action are not well
understood [15,16]. In recent years, numerous pre-clinical studies have shown effective
scar treatment or improvement in scar formation after the application of conditioned media
derived from different stem cell populations, such as amniotic mesenchymal stem cells
(MSCs) [17], fat-derived stem cells [18], bone marrow-induced MSCs [19], and induced
pluripotent stem cells [20], amongst others [21]. However, the transferability of promising
pre-clinical animal studies to humans was shown to be limited [22]. Furthermore, autolo-
gous conditioned media from various stem cell populations have significant disadvantages,
as the production of these secretomes is expensive and hardly scalable, due to the limited
numbers of available stem cells [23].

Hence, the idea of cell-free paracrine therapies in an allogeneic setting has drawn
increasing attention. As different kinds of stem cells still have the same limitations in the
allogeneic setting, peripheral blood mononuclear cells (PBMCs) have been proposed as an
alternative source of paracrine factors [24].

The secretome of irradiated peripheral blood mononuclear cells (PBMCsec) has been
extensively studied in recent years, showing encouraging pre-clinical results. PBMCsec
has been found to enhance wound healing [25–27], elicit angiogenic effects [26,28], prevent
platelet aggregation and vasodilation [29], exert anti-microbial activity [30], attenuate
neurological damage in focal ischemia [31] and spinal cord injury [32], and regenerate
infarcted myocardium [33]. Moreover, PBMCsec has been shown to reduce the activation
of mast cells and basophils [34] and reduce the maturation and antigen uptake of dendritic
cells, as well as dendritic cell-mediated T-cell priming [35]. In a phase I study, PBMCsec
was found to be safe and well tolerated in the topical application of autologous PBMCsec
on skin wounds [36]. In addition, a phase II clinical trial on the efficacy of allogeneic
PBMCsec in patients with diabetic foot ulcers is currently ongoing [37]. It should be noted
that the favorable pleiotropic effects of PBMCsec cannot be broken down to a single mode
of action [37], as PBMCsec has repeatedly demonstrated its regenerative power with the
synergistic action of all components, including proteins, lipids, extracellular vesicles, and
nucleic acids [26,28,37].

Therefore, we attempt to provide a multi-model murine and human approach at the
single-cell level to identify the potential mechanisms of action of PBMCsec on skin scarring.
Due to the plethora of beneficial effects of PBMCsec, we hypothesized that PBMCsec
prevents (hypertrophic) scarring or improves tissue quality in already persisting scars. In
this study, we demonstrate the anti-fibrotic activity of PBMCsec and provide mechanistic
insights into its anti-fibrotic effect. This study facilitates the investigation of PBMCsec for
its future clinical use as a treatment option for skin scarring.

2. Materials and Methods

2.1. Ethics Statement

The use of healthy abdominal skin (Vote No. 217/2010) and scar tissue (Vote No.
1533/2017) was approved by the ethics committee of Medical University of Vienna. Animal
experiments were approved by the ethics committee of Medical University of Vienna and
the Austrian Federal Ministry of Education, Science, and Research (Vote No. BMBWF-
66.009/0075-V/3b/2018).
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2.2. Patient Material

Resected scar tissue was obtained from three patients who underwent elective scar
resection surgery after giving informed consent. Scars were previously classified as hyper-
trophic, pathological scars according to the Patient and Observer Scar Assessment Scale
(POSAS) [38] by a plastic surgeon. All scars were mature scars, i.e., they were at least
two years old; had not been operated on; and had not been previously treated with corti-
costeroids, 5-FU, irradiation, or similar treatments. All scar samples were obtained from
male and female patients younger than 45 years old, with no chronic diseases nor chronic
medication. Healthy skin was obtained from three healthy female donors between 25 and
45 years of age from surplus abdominal skin removed during elective abdominoplasty.

2.3. Animals

In all mouse experiments, 8–12-week-old female Balb/c mice (Medical University of
Vienna Animal Breeding Facility, Himberg, Austria) were used. Mice were housed in a
selected pathogen-free environment according to enhanced standard husbandry with a
12/12 h light/dark cycle and ad libitum access to food and water.

2.4. Full-Thickness Wound and Scarring Model in Mice

For the full-thickness skin wound and scarring model, mice were deeply anesthetized
with ketamine 80–100 mg/kg and xylazine 10–12.5 mg/kg i.p. They were given postop-
erative analgesia with the s.c. injection of 0.1 mL/10 mg Buprenorphin and 7.5 mg/mL
Piritramid in drinking water. A 9 × 9 mm square area was marked on the back and ex-
cised with sharp scissors. The wounds were left to heal uncovered without any further
intervention for 4 weeks, and the resulting scar tissue was observed and photographed.

2.5. Production of Irradiated Mononuclear Cell Secretome (PBMCsec)

The secretome of human PBMCs was produced in compliance with good manufac-
turing practice (GMP) by the Austrian Red Cross, Blood Transfusion Service for Upper
Austria (Linz, Austria), as previously described [26,39] (Figure S1). PBMCs were obtained
with Ficoll-Paque PLUS (GE Healthcare, Chicago, IL, USA)-assisted density gradient cen-
trifugation, adjusted to a concentration of 25 × 106 cells/mL (25 U/mL; 1 Unit = secretome
of 1 million cells) and exposed to 60 Gy cesium 137 gamma irradiation (IBL 437C; Iso-
topen Diagnostik CIS GmbH, Dreieich, Germany). Cells were cultured in phenol red-free
CellGenix GMP DC medium (CellGenix GmbH, Freiburg, Germany) for 24 ± 2 h. Cells
and cellular debris were removed with centrifugation, and supernatants were passed
through a 0.2 µm filter. Methylene blue treatment was performed as described [40] for viral
clearance. The secretome was lyophilized, terminally sterilized with high-dose gamma
irradiation, and stored at −80 ◦C. All experiments were performed using secretomes of the
following batches produced under GMP: A000918399086, A000918399095, A000918399098,
A000918399101, A000918399102, and A000918399105. Immediately before performing the
experiments, the lyophilizate was reconstituted in 0.9% NaCl to the original concentration
of 25 U/mL.

2.6. PBMCsec Injection into Mouse Scars

Starting on day 29 after skin wounding, mice were injected with 100 µL 0.9% NaCl,
medium (phenol red-free CellGenix GMP DC medium), or PBMCsec, which was prepared
as described above, every second day for two weeks. Subsequently, half of the mice from
each group (n = 2) were sacrificed and analyzed, while the other half (n = 2) were left for
another two weeks without further intervention and then sacrificed.

2.7. PBMCsec Topical Application on Mouse Scars

Starting on the day of skin wounding (d0), mouse scars were treated with PBMCsec,
medium, or NaCl 0.9%. Ultrasicc/Ultrabas ointment (1:1; Hecht-Pharma, Bremervörde, Ger-
many) was used as a carrier substance for all treatments. Four parts of Ultrasicc/Ultrabas
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(50:50) and one part of water were mixed and used as control treatment (i.e., 100 µL con-
tained 40 µL of Ultrasicc, 40 µL of Ultrabas, and 20 µL of agent or control). Then, 5 U/mL
(200 µL of dissolved lyophilizate) PBMCsec or 200 µL/mL medium was mixed with oint-
ment. Mice were treated with control or inhibitors by applying 100µL of ointment on each
wound immediately after wounding.

After application, mice were individually placed in empty cages without litter for
30 min and closely monitored to prevent immediate removal of the treatments and achieve
sufficient tissue resorption. Scabs were left intact to prevent wound infections. Mice were
treated daily for the first 7 days and thrice a week for 7 weeks. After scar formation, 4 mm
biopsies of the scar tissue were taken and cut in half. One half of each scar sample was
used for histological analysis, and the other biopsy halves from each treatment group were
pooled and analyzed together with scRNAseq as described below.

2.8. Ex Vivo Skin and Scar Stimulation

From human skin and scar tissue, 6 mm punch biopsies were taken; subcutaneous
adipose tissue was removed; and biopsies were placed in 12-well plates supplemented with
400 µL of DMEM (Gibco, Thermo Fisher, Waltham, MA, USA; with 10% fetal bovine serum
and 1% penicillin/streptomycin) and 100 µL of CellGenix medium or 100 µL of PBMCsec.
In addition, 100 mL of medium or PBMCsec was injected into the upper dermis in the
middle of the biopsy. Biopsies were incubated for 24 h and then harvested for scRNAseq
analysis. Sample “Skin 1 medium” was lost due to technical difficulties during preparation.

2.9. Skin and Scar PBMCsec Stimulation, Cell Isolation, and Droplet-Based scRNAseq

Mouse scars and stimulated human skin and scar samples were digested using Mil-
tenyi Whole Skin dissociation Kit (Miltenyi Biotec, Bergisch-Gladbach, Germany) for 2.5 h
according to the manufacturer’s protocol and processed using GentleMACS OctoDisso-
ciator (Miltenyi). The cell suspension was filtered through a 100 µm filter and a 40 µm
filter, centrifuged for 10 min at 1500 rpm, washed twice, and resuspended in 0.04% FBS
in phosphate-buffered saline (PBS). DAPI was added at 1 µL/1 million cells for 30 s; cells
were washed twice and sorted for viability using a MoFlo Astrios high-speed cell-sorting
device (Beckman-Coulter, Indianapolis, IN, USA). Only distinctly DAPI-negative cells were
used for further processing. Immediately after sorting, viable cells were loaded onto a
10X-chromium instrument (Single cell gene expression 3′v 2/3; 10X Genomics, Pleasanton,
CA, USA) to generate a gel bead in emulsion (GEM). GEM generation, library preparation,
RNA sequencing, demultiplexing, and counting were performed at Biomedical Sequencing
Core Facility of Center for Molecular Medicine (CeMM; Vienna, Austria). Sequencing was
performed using 2 × 75 bp, paired-end, with Illumina HiSeq 3000/4000 (Illumina, San
Diego, CA, USA).

2.10. Cell–Gene Matrix Preparation and Downstream Analysis

Raw sequencing reads were demultiplexed and aligned to the human (GrChH38) and
mouse (mm10) reference genomes using the Cell Ranger mqfast and count pipelines (v4.0;
10× Genomics, Pleasanton, CA, USA) to generate cell–gene matrices. The cell–gene matrices
were then loaded into “Seurat” (v4.0; Satija Lab, New York, USA) in an R environment
(v4.1.2; R Foundation for Statistical Computing, Vienna, Austria) and processed according
to the recommended standard workflow for the integration of several datasets [41,42].
All human skin and scar samples were integrated in a single integration; likewise, all
mouse samples were integrated in a single integration. Cells with less than 500 or more
than 4000 detected genes, more than 20,000 reads per cell, or a mitochondrial gene count
higher than 5% were removed from the dataset to ensure high data quality. After principal
component analysis and the identification of significant principal components using the
Jackstraw procedure [43], cells were clustered using non-linear dimensional reduction with
uniform manifold approximation and projection (UMAP). Differentially expressed genes
were calculated in Seurat using the Wilcoxon rank-sum test with Bonferroni correction.
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In all datasets, normalized count numbers were used for differential gene expres-
sion analysis and for visualization in violin plots, feature plots, and dot plots, as recom-
mended by the guidelines [44]. In all datasets, cell types were identified according to
well-established marker gene expression. To avoid the calculation of batch effects, the
normalized count numbers of genes present in the integrated dataset were used to identify
differentially expressed genes (DEGs). As keratin and collagen genes were previously
found to contaminate skin biopsy datasets and potentially provide a false-positive sig-
nal [45], these genes (COL1A1, COL1A2, and COL3A1; KRT1, KRT5, KRT10, KRT14, and
KRTDAP) were excluded from DEG calculation in non-fibroblast clusters (collagens) or
non-keratinocyte clusters (keratins), respectively. Moreover, genes Gm42418, Gm17056,
and Gm26917 caused technical background noise and batch effect in mouse scRNAseq, as
previously described [46], and were thus excluded from the dataset.

2.11. Gene Ontology (GO) Calculation and Dot Plots

Gene lists of significantly regulated genes (adjusted p-value < 0.05; average log fold
change (avg_logFC) > 0.1) were inputted into “GO_Biological_Process_2018” in the EnrichR
package in R (v3.0; MayanLab, Icahn School of Medicine at Mount Sinai, New York, NY,
USA). Dot plots were generated using ggplot2 (H. Wickham. ggplot2: Elegant Graphics for
Data Analysis. Springer-Verlag New York, 2016) with color indicating adjusted p-value and
size showing the odds ratio, sorted by adjusted p-value.

2.12. GSEA Matrisome Dot Plots

Curated matrisome gene lists for the terms ”NABA_ECM_GLYCOPROTEINS”,
”NABA_COLLAGENS”, ”NABA_PROTEOGLYCANS”, ”NABA_ECM_REGULATORS”,
and ”REACTOME_ELASTIC_FIBRE_FORMATION” were retrieved from the Gene Set
Enrichment Analysis platform https://www.gsea-msigdb.org/gsea/index.jsp, accessed on
22 June 2022 [47], and gene names were used to generate dot plots.

2.13. TGFβ Injection Fibrosis Model in Mouse Skin

Mice were anesthetized with 3% isoflurane for three minutes. An intrascapular area
of approximately 1 × 1 cm area was marked on the skin with a permanent marker. In
total, 800 ng of TGFβ1 dissolved in 100 µL of NaCl 0.9%, medium, or PBMCsec (2.5 U) was
injected in the marked area for 5 consecutive days, and mice sacrificed on the 6th day. The
marked injection areas were biopsied and prepared for histological analysis.

2.14. Isolation of Primary Skin FBs

Primary skin and scar FBs were isolated as previously described [7]. In brief, skin or
scar samples were incubated overnight in Dipase II (Roche, Basel, Switzerland). Subse-
quently, the epidermis was removed, and the dermis was incubated in Liberase (Merck
Millipore, Burlington, MA, USA) for two hours at 37 ◦C. Afterwards, the tissue was filtered
and rinsed with PBS, and the cells were plated in a T175 cell culture flask and cultured until
they reached 90% confluency.

2.15. Western Blots

Western blotting was performed as previously described [7]. In brief, after cell lysis in
1× Laemmli buffer, the lysates were separated on SDS-PAGE gels (Bio-Rad Laboratories,
Inc., Hercules, CA, USA), and proteins were transferred to nitrocellulose membranes and
blocked with non-fat milk. After overnight incubation at 4 ◦C with the primary antibody
(table of antibodies used reported in Figure S1B), the membranes were incubated with a
horseradish peroxidase-conjugated secondary antibody and imaged.

2.16. Immunofluorescence, H&E, and EvG Staining

Immunofluorescence staining on formalin-fixed, paraffin-embedded (FFPE) sections of
human and mouse skin and scar tissues was performed according to the protocol provided
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by the respective antibody manufacturer (table of antibodies used reported in Figure S1B)
as previously described [7]. Hematoxylin and eosin (H&E) staining and Elastica van
Gieson (EvG)-staining were performed at Department of Pathology of Medical University
of Vienna according to standardized clinical staining protocols.

2.17. TGFβ1-Induced Myofibroblast Differentiation

TGFβ1 stimulation of primary FBs was performed as previously reported [7]. Isolated
primary FBs were plated in 6-well plates after the first passage and grown until they reached
100% confluency. FBs were then stimulated with 10 ng/mL TGFβ1 (HEK-293-derived;
Peprotech, Rocky Hill, NJ, USA) and with medium or PBMCsec for 24 h. The supernatants
were removed, and medium or PBMCsec was resupplied for another 24 h. The supernatants
were collected and stored at −80 ◦C, and cells were lysed in 1× Laemmli buffer (Bio-Rad
Laboratories, Inc.) for further analysis.

2.18. Elastase Assay

To measure elastase activity, a commercial kit (EnzChek® Elastase Assay Kit; E-12056;
Thermo Fisher) was used according to the manufacturer’s instructions. Elastase was ap-
plied at 250 mU/mL and incubated with NaCl 0.9% (“Ctrl”), medium, or PBMCsec at
1:1 with assay buffer. Fluorescence intensity was measured with a BMG Fluostar Optima
plate reader (BMG Labtech, Ortenberg, Germany) at 505/515 nm wavelength (excita-
tion/emission). Raw values were blank-corrected and normalized to the % of the averaged
4 h of the Ctrl samples. Samples were measured 10 min, 1 h, 2 h, 3 h, and 4 h after elastase
application. Statistical analysis was performed with a mixed-effects model for the time
factor, with Tukey’s multiple comparisons test.

2.19. ELISA

The supernatants of TGFβ1-stimulated FBs after treatment with PBMCsec or controls
were collected, centrifuged, and stored at −20 ◦C for further use. The protein levels of
human elastin (ELISA; LS-F4567; LSBio, Seattle, WA, USA) were measured according to
the manufacturer’s manual. Absorbance was detected with a FluoStar Optima microplate
reader (BMG Labtech).

3. Results

3.1. PBMCsec Improves Scar Formation in Mice after Topical Treatment during Wound Healing
and Intradermal Injection of Preformed Scars

As our previous study on wound healing in pig burn wounds revealed a trend towards
better tissue elasticity and less stiffness in early pig burn scars [27], we aimed to investigate
the effect of PBMCsec on scar formation and on already existing scars in more detail at the
single-cell level.

To achieve this, we created full-thickness excision wounds on the back of 6–8-week-old
female Balb/c mice and immediately treated with the topical application of PBMCsec for
8 weeks (Figure 1A). In a separate set of experiments, we allowed the scars to develop for
4 weeks after wounding without further intervention and treated the formed scars with
intradermal injection for 2 weeks. Scars were either analyzed right after the two weeks of
treatment or after two additional weeks without further treatment to determine whether
treatment-associated changes were permanent (Figure 1B).
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Figure 1. Comparison of PBMCsec-mediated effects on scars after topical or intradermal application.

(A,B) Illustration of “topical” or “inject” workflow for mouse scars: (A) square wounds of 9 × 9 mm

were excised on mouse backs (n = 4 per group), treated with topical PBMCsec for 8 weeks, and

subjected to scRNAseq; (B) square wounds of 9 × 9 mm were excised on mouse backs (n = 4 per

group), left to mature for 4 weeks, injected with PBMCsec for 2 weeks, and subjected to scRNAseq,

or matured for another 2 weeks and then subjected to scRNAseq. (C) Wound documentation

of topically treated scars on post-wounding days 0, 10, and 14. * indicates p < 0.05 in one-way

ANOVA (D) Wound area measurements normalized to the d0 wound area of each respective wound.

(E) Scar documentation of mouse scars before and after injections. (F) Hematoxylin/eosin staining

of ”topical” mouse wounds. (G) Elastica van Gieson (EvG) staining of ”topical” mouse wounds.

(H) Hematoxylin/eosin staining of ”inject” mouse wounds. (I) Elastica van Gieson (EvG) staining of

”inject” mouse wounds.
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As previously demonstrated with the secretome of non-irradiated PBMCs [25,26] or
PBMCsec in diabetic mice [25,26], we found enhanced wound healing in wild-type mice
after the topical application of an emulsion containing PBMCsec (Figure 1C). PBMCsec
reduced the wound size significantly more (40 ± 14% of the wound size) than NaCl
(72 ± 16) and the control medium alone (60 ± 19%) (Figure 1D). Compared with the
intradermal injection of controls, scars appeared softer and reduced in size after the injection
of PBMCsec (Figure 1E). Histologically, scars showed a looser structure and reduced fiber
density after topical PBMCsec treatment, as evidenced by hematoxylin/eosin (Figure 1F)
and Elastica van Gieson (EvG) staining (Figure 1G). Of note, scars treated with intradermal
injection exhibited a high number of infiltrating leukocytes (Figure 1H), presumably due
to repeated tissue irritation with injections. However, the matrix was looser, and the
orientation of collagen fibers showed more vertical structures after the injection of PBMCsec
(Figure 1I). These results indicate that PBMCsec not only improves wound healing but also
scar formation and the quality of already existing scars in mice.

3.2. PBMCsec Induces Significant Changes in the Transcriptome after Topical and Intradermal
Application

Next, we performed scRNAseq on scar tissue from the different experimental settings.
After quality control (Figure S2A–C,E–G) we defined clusters based on well-established
marker genes [7,48] from scRNAseq of topically treated scars (Figure S2D,H). Clusters were
constantly aligned homogenously under all conditions (Figure 2A,E) and were grouped into
fibroblasts (FBs), smooth muscle cells and pericytes (SMCs/PCs), endothelial and lymphatic
endothelial cells (ECs), macrophages (Macro), Langerhans cells and dendritic cells (DCs),
T cells and B cells (TCs), keratinocytes (KCs), hair follicular cells (HFs), melanocytes
(Mel), and adipocytes (Adipo) (Figure 2A). Notably, one fibroblast cluster, FB 4, was
expanded after topical treatment with PBMCsec compared with the controls (Figure 2A,B),
suggesting an important role in the anti-fibrotic action of PBMCsec. Furthermore, the
relative numbers of DCs and TCs were increased with the control medium but slightly
reduced with PBMCsec (Figure 2B). We then calculated the differentially expressed genes
(DEGs) of all cell populations in PBMCsec-treated scars compared with medium- and NaCl-
treated scars. Interestingly, significantly more genes were downregulated than upregulated
after the topical application of PBMCsec (Figure 2C), and the highest numbers of regulated
genes were found in FBs (red bars), macrophages (pale-green bars), and KCs (yellow bars)
(Figure 2C) [35]. To provide an overview of the overall regulation in all cell types, we show
the top 50 DEGs per cluster group in Figure S3A–I. The upregulation of numerous genes,
previously described to be increased in scar tissue [7,49,50], was significantly inhibited
after PBMCsec application.

Next, we analyzed the scRNAsec dataset of scars treated with the intradermal injection
of PBMCsec and controls in a similar way. After cluster identification and quality control
(Figure S2D–G), clusters aligned homogenously across samples and conditions (Figure 2D).
Although the cellular composition of scars did not change after 6 weeks, the FB and immune
cell populations were significantly reduced in 8-week-old scars (Figure 2E). Remarkably,
there were again far more downregulated genes than upregulated genes in the injected
scars, and transcriptome changes were the highest in FB1 and KC clusters (Figure 2F) after
injections. Interestingly, only minor transcriptome changes remained in PBMCsec-treated
scars 8 weeks after wounding (Figure 2F). The top 50 DEGs after 6 weeks are shown
per cluster group in Figure S4A–I. Numerous genes regulated in the topical dataset and
previously found relevant in skin scarring and mouse scar formation [7] were also regulated
after PBMCsec injection (Figure S4A–I).
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Figure 2. PBMCsec induces significant changes in the transcriptome after topical and intradermal ap-

plication. (A) UMAP clustering of ”topical” mouse wounds (n = 4 per condition, pooled for scRNAseq

analysis), split by condition: four fibroblast clusters (FB1-4; red), smooth muscle cells (SMCs) and

pericytes (PCs; purple), endothelial cells (ECs; blue), T cells (TCs; dark green), macrophages (Mac)

and dendritic cells (DCs; light green), three keratinocyte clusters (KC1-6; yellow), hair follicles (HF

1-3; beige), melanocytes (Mel; brown), and adipocytes (grey). Clusters were grouped as “FB”, “PC”,

“TC”, “DC”, “KC”, “HF”, “MEL”, and “Adipo” for readability. (B) Percentages of cells per cluster,

split by condition. (C) Number of significantly upregulated (positive y-axis) and downregulated

(negative y-axis) genes (“nDEG”) per cluster in “topical” mice. (D) UMAP clustering of “inject”

mouse wounds (n = 2 per condition), split by condition, i.e., 6w = mice after two weeks of injections;

8w = mice after injections + 2 weeks of maturation. Clusters FB1–4, SMCs, PCs, ECs, T cells 1+2,

DC1+2, KC1–7, HF 1–3, Mel, and Adipo. Clusters were grouped as “FB” (red), “PC” (purple), “EC”

(blue), “TC” (dark green), “DC” (light green), “KC” (yellow), “HF” (beige), “MEL” (brown), and
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“Adipo” (grey) for readability. (E) Percentages of cells per cluster, split by condition. (F) Number

of significantly upregulated (positive y-axis) and downregulated (negative y-axis) genes (“nDEG”)

per cluster in “inject” mice, split in 6w and 8w (G) Gene ontology (GO) term calculation of genes

downregulated by PBMCsec compared with medium in “topical” FBs. (H) GO term calculation of

genes downregulated by PBMCsec vs. medium in 6w “inject” FBs. DEGs were calculated per cluster

comparing 8- and 6-week-old scars using a two-sided Wilcoxon-signed rank test, including genes

with average logarithmic fold change (avg_logFC) of >0.1 or <−0.1.; adj. p-value < 0.05. UMAP,

uniform manifold approximation and projection.

As the highest number of regulated genes was observed in FBs and FBs are the main
cell type involved in fibrotic processes, we further performed a gene ontology analysis
of genes downregulated by PBMCsec application in FBs in both experimental settings
(Figure 2G,H).

Our analysis revealed that genes downregulated by PBMCsec mainly showed a strong
association with the response to growth factors, integrin activation, monocyte chemotaxis,
and extracellular matrix organization, suggesting that the activation of these processes
was, at least partially, reduced with topical application (Figure 2G). GO term calculation
of downregulated genes in FBs after the injection of PBMCsec revealed changes in ECM
and collagen organization, the response to growth factor stimulus, and Wnt signaling
(Figure 2H).

Taken together, these bioinformatic data suggest an anti-fibrotic, anti-inflammatory
effect of PBMCsec on scar formation, primarily reducing excessive matrix deposition.

3.3. PBMCsec Significantly Alters the Matrisome

Since FBs contributed the most to transcriptome alterations induced by PBMCsec and
the GO analysis indicated that genes associated with the ECM were highly affected, we
further assessed genes of the matrisome in more detail. Differentially regulated genes in
all FBs after topical (Figure 3A–D) and intradermal injection (Figure 3E–H) were analyzed
using the curated matrisome gene set enrichment analysis (GSEA) gene lists [51]. For better
visualization, the whole matrisome was split into the main components, i.e., collagens,
proteoglycans, glycoproteins, and ECM regulators. Interestingly, most of the matrisome-
related genes were strongly downregulated by PBMCsec after topical and intradermal
application (Figure 3). Similarly, most of the proteoglycans, glycoproteins, and ECM
regulators showed reduced expression after PBMCsec treatment. However, some of the
glycoproteins and ECM regulators, including Fn1, Igfbp4/5, Ecm1, Postn, and Mfap5, were
even enhanced after PBMCsec treatment (Figure 3C,D), suggesting the targeted regulation
of these factors.

Importantly, we also identified a variety of proteases, including Mmp19 (matrix
metalloprotease 19), Ppcsk5/6 (Subtilisin/Kexin-Like Protease PC5/6), and Adamts1 (A
disintegrin-like and metallopeptidase with thrombospondin type 1 motif), regulated by
PBMCsec. Furthermore, plasminogen activator/urokinase (Plau) and the plasminogen
activator/tissue type (Plat), as well as serine proteases Htra1, Htra3, and Aebp1, were el-
evated after the topical application and intradermal injection of PBMCsec. However, a
variety of protease inhibitors, including Timp1 and -3 (Metallopeptidase Inhibitor 1 and
3), and Slpi (Secretory Leukocyte Protease Inhibitor), and the potent urokinase inhibitors
Serpine1, Serpinb2, and Serpinb5 were also increased (Figure 3C,D). These findings confirm
our previous work, highlighting the role of proteases and their inhibitors in skin fibrosis [7],
and indicate that PBMCsec is able to interfere with the protease system that contributes to
scar formation.
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Figure 3. PBMCsec significantly alters the matrisome. Dot plots of gene lists of gene set enrichment of

matrisome terms (A,E) “collagens”, (B,F) “proteoglycans”, (C,G) “Glycoproteins”, and (D,H) “ECM

regulators” inputted to FBs of the “topical” (A–D) and “inject” (E–H) datasets, split by condition.

Circle size correlates with the percent of cells expressing the respective gene, and color (red) correlates

with normalized fold change in expression.
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3.4. Scars Treated with PBMCsec Ex Vivo Show Strong Similarities to Mouse Models

As we showed an anti-fibrotic effect of PBMCsec during scar formation in mice, we
next investigated its effect on human skin and ex vivo cultures of scar tissue. There-
fore, we treated biopsies of human skin and human hypertrophic scars with medium or
PBMCsec and cultivated them for 24 h (Figure 4A). After quality control and cluster iden-
tification (Figure S5A–D), clusters aligned homogeneously across donors and conditions
(Figures 4B and S5E). As described in our previous work, the ratio of FBs was increased
in scars compared with skin [7], and several FB clusters (here, clusters FB5 and FB7) were
specifically found in scars (Figure 4B,C). Remarkably, the percentages of FBs, DCs, and T
cells were reduced in scars after PBMCsec treatment (Figure 4C).

Next, we calculated DEGs separately for skin (Figure S6) and scars (Figure S7) and
found a much higher number of DEGs in scars than in normal skin, indicating a strong effect
of PBMCsec on fibrotic tissue (Figure 4D). In line with our mouse datasets, most regulated
genes were found in the FB clusters, and slightly more genes were downregulated than
upregulated, particularly in skin tissue (Figure 4D). Numerous genes that we previously
described for their regulation in hypertrophic scars [7] were also favorably regulated by
PBMCsec (Figures S6 and S7).

Next, we performed the GO term analysis of the DEGs in FBs treated with PBMCsec
compared with medium. In line with the mouse data, downregulated terms (Figure 4F)
included collagen fibril and ECM organization, cytokine signaling pathway, negative
regulation of signal transduction, regulation of extrinsic apoptotic signaling pathway, and
type I interferon signaling pathway. Intriguingly, among the upregulated terms (Figure 4E),
negative regulation of neuron differentiation and generation of neurons were present. As
we previously demonstrated that Schwann cells promote ECM formation in keloids and
affect the M2 polarization of macrophages [52], this finding might hint at a mechanism of
PBMCsec also affecting this crosstalk.

Next, we assessed the genes of the matrisome in the human dataset (Figure 4H).
Similarly to the data obtained for mouse scars, collagens COL1A1, COL3A1, and COL6A1/2/3
were also strongly downregulated, more in scars than in skin, and proteases MMP1/MMP3/10
as well as protease inhibitors SERPINE1/G1/F1/B2, SLPI, and TIMP3 were upregulated
(Figure 4D). Of note, PBMCsec increased the expression of PI3, an elastase-specific protease
inhibitor in human scar tissue, indicating a regulatory effect not only on collagens but
also on elastic ECM components. Together, our analysis of human ex vivo skin and scars
corroborated the findings of the in vivo mouse experiments, indicating an ECM-balancing,
anti-fibrotic effect.

3.5. PBMCsec Abolishes Myofibroblast Differentiation In Vitro

After a comprehensive analysis of the effects of PBMCsec in mouse and human
models at the single-cell level, we investigated the underlying mechanisms of the observed
anti-fibrotic activity in vitro. Using a well-established in vitro fibrosis model [7,53], we
stimulated primary human skin FBs with TGFβ1 and investigated the effect of PBMCsec
on myofibroblast (myoFB) formation [54]. Upon the stimulation of FBs with TGFβ1, FBs
showed robust differentiation to αSMA-expressing myoFBs in all control treatments (NaCl
and medium) (Figure 5A). In contrast, the addition of PBMCsec completely abolished
myoFB differentiation and αSMA expression (Figure 5A,B). As our scRNAseq revealed that
of all major ECM components, Eln/ELN was the most consistently downregulated one in
the matrisome of both mice and humans, we further assessed the effect of PBMCsec on
the expression of elastin in vitro in FBs. Strikingly, elastin protein and mRNA expression
were strongly downregulated by PBMCsec (Figure 5A,C), and the secretion of ELN in
the supernatant was significantly inhibited (Figure 5D). Next, we investigated whether
PBMCsec contains TGFβ inhibitors. Therefore, we used an HEK-cell-based reporter assay to
assess the activity of canonical TGFβ1 signaling. While PBMCsec showed little-to-no TGFβ1
activity, the addition of PBMCsec to active TGFβ1 did not inhibit canonical TGFβ1 activity
(Figure S8A). These data indicate that PBMCsec does not inhibit myoFB differentiation by
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inhibiting Smad2/3-mediated TGFβ1 activity, suggesting a more downstream inhibitory or
non-canonical action.

 

Figure 4. scRNAseq analysis of human skin and scars treated with PBMCsec ex vivo shows strong

similarities to mouse models. (A) Illustration of scRNAseq workflow in human skin and scar samples.

Skin and scar biopsies were incubated overnight in medium or PBMCsec and subjected to scRNAseq.
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(B) UMAP clustering of human skin and scar, split by condition. Seven fibroblast clusters (FB 1–7;

red), smooth muscle cells (SMCs) and pericytes (PCs; purple), endothelial cells (ECs; blue), T cells

(TCs; dark green), macrophages (Mac) and dendritic cells (DCs; light green), four keratinocyte

clusters (KC1–4; yellow), and melanocytes (Mel; brown). Clusters were grouped as “FB”, “PC”,

“TC”, “DC”, “KC”, “MEL”, and “HF” for readability. (C) Percentages of cells per cluster, split by

condition. (D) Number of significantly upregulated (positive y-axis) and downregulated (negative

y-axis) genes (“nDEG”). (E) Gene ontology (GO) term calculation of genes (E) upregulated and

(F) downregulated by PBMCsec compared with medium in “topical” FBs. (G) Dot plots of gene lists

of gene set enrichment of matrisome terms “collagens” and “proteoglycans”, and (H) “Glycoproteins”

and “ECM-regulators” inputted in FBs. DEGs were calculated per cluster by comparing 8- vs. 6-week-

old scars using a two-sided Wilcoxon signed-rank test, including genes with average logarithmic fold

change (avg_logFC) of >0.1 or <−0.1.; adj. p-value < 0.05. UMAP, uniform manifold approximation

and projection.

To confirm the observed TGFβ effects in vivo, we injected TGFβ1 into murine skin
(modified after Thielitz et al. [53]) for 5 consecutive days (Figure S8B). Although no mor-
phological changes were visible in hematoxylin–eosin staining (Figure S8C), the immunos-
taining of Collagen I and III showed patches of increased matrix deposition in all samples
(arrows in Figure S8D,E), which were not present in mice also treated with PBMCsec. Re-
markably, we also observed accumulations of αSMA-expressing cells in the TGFβ1-injected
deep murine dermis (squares), but not in PBMCsec-treated mice (Figure S8F).

Next, we aimed to further investigate changes in ECM composition, particularly
elastin, in a human model. Thus, we injected TGFβ intradermally in human skin explants
with and without NaCl, medium, or PBMCsec (Figure 5E). Morphologically, no changes
were observed in H&E staining (Figure 5F); however, when we stained for overall ECM
configuration using Elastica van Giesson staining (Figure 5G) and with immunofluorescence
for elastin (Figure 5H), we noticed specific subepidermal alterations in elastic fibers. In
untreated skin, elastin showed vertical fibers reaching into the dermal papillae with parallel,
horizontal fibers in the deeper dermis. These vertical, papillary fibers disappeared after
TGFβ1 treatment but were preserved when PBMCsec was added (Figure 5G,H). These data
suggest that PBMCsec is able to reduce the breakdown of elastic fibers, which occurs after
TGFβ stimulation.

3.6. Combined Analysis of Murine and Human scRNAseq Datasets Reveals Elastin and TXNIP as
Joint Key Players of Beneficial PBMCsec Effects

To better understand the mutual mechanisms of action of ECM balancing and anti-
fibrotic mechanisms of PBMCsec, we performed the subclustering of the FBs of all scR-
NAseq datasets (Figure S9D) and performed a combined analysis (Figure 6A). As myoFB,
i.e., Acta2/ACTA2-positive FBs, disappear in mature scars [54], these cells were not detected
in most of our datasets. Therefore, we were not able to investigate the effects of PBMCsec on
myoFB differentiation in our scar models in detail (Figure S9A–C). However, we detected
a significant reduction in ACTA2 in ex vivo PBMCsec-treated human scars (Figure S9C),
indicating that even in mature scars, PBMCsec can reduce myoFB content. When over-
laying DEGs from FBs from all three experiments, no genes were mutually upregulated
(Figure 6B). Interestingly, Eln/ELN and Txnip/TXNIP were mutually downregulated in all
experimental settings (Figure 6C). Elastin and TXNIP were solidly reduced in all three
scRNAseq, at both time points after injection, and in human scars (Figure 6D,E).
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Figure 5. PBMCsec abolishes myofibroblast differentiation in vitro. (A) Western blot stained for

alpha Smooth muscle actin (SMA) and elastin, and lysate from human primary FBs stimulated with

NaCl, medium, or PBMCsec, without or with TGFß1, respectively. (B) Quantification of Western blot,

normalized to ctrl (n = 6 human donors). (C) Elastin measured with ELISA from primary human FB

supernatant, stimulated with NaCl, medium, or PBMCsec, without or with TGFß1. (D) Workflow

illustration of ex vivo human skin TGFß stimulation experiment, where 5 mm skin biopsies were

injected with TGFß and NaCl, medium, or PBMCsec for 5 consecutive days (E). (E,F,H) Elastica

van Gieson. (G) Immunofluoresence staining for elastin in human ex vivo skin samples. Statistical

significance was tested using one-sided ANOVA. Lines and error bars indicate means and standard

deviation. ns p > 0.05, * p < 0.05, ** p < 0.01, and *** p < 0.001.
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β

Figure 6. Combined analysis of murine and human scRNAseq datasets reveals elastin as joint key

player of beneficial PBMCsec effects. (A) Subclustering of FBs in “mouse topical”, “mouse inject”,

and “human” scRNAseq datasets, and FB subcluster alignment. Red, cluster A; blue, cluster B;
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green, cluster C; aligned by cluster markers (Figure S9). (B) Venn diagram of overlap of significantly

upregulated and (C) downregulated genes in FBs in all three datasets. (D–G) Violin plots of (F) latent

TGFβ binding protein 4 (Ltbp4/LTBP4) and (G,H) Integrin subunit beta 1/5 (Itgb1/5/ITGB1/5) in

datasets. (I) Elastase assay with fluorescence-marked pig pancreas elastase, with NaCl, medium, or

PBMCsec supplementation. Y-axis indicates fluorescence intensity, i.e., elastase activity. Comparison

among groups was performed with Student’s t-test. (J) Illustration of putative mechanisms of

PBMCsec in scars. In violin plots, dots represent individual cells; y-axis represents log2 fold change in

normalized genes and log-transformed single-cell expression. Vertical lines in violin plots represent

maximum expression; the shape of each violin represents all results; and the width of each violin

represents the frequency of cells at the respective expression level. DEGs were calculated in FBs

by comparing medium to FBs using a two-sided Wilcoxon signed-rank test, including genes with

average logarithmic fold change (avg_logFC) of >0.1 or <−0.1 and Bonferroni-adjusted p-value < 0.05.

For violin plots, a two-sided Wilcoxon signed-rank test was used in R. ns p > 0.05, * p > 0.05, ** p > 0.01,

and *** p > 0.001.

As we have shown that PBMCsec does not interfere with canonical TGFB1 activity,
we next wanted to know how TGFβ signaling is inhibited by PBMCsec. TGFβ is one
of the most pleiotropic signaling molecules, and its interaction via the regulation of its
release and activation by elastin was previously described [55]. TGFβ is secreted as
inactive and bound to latent TGFβ binding proteins (LTBP1-4), together forming the large
latent complex (LLC) [56]. The activation of TGFβ occurs via a tightly controlled process
involving the cleavage of LTBPs or protease-independent activation via integrins [56,57].
We, therefore, wondered whether PBMCsec also regulates molecules indirectly involved
in TGFβ activation. Surprisingly, we found that Ltbp4/LTBP4 was decreased by PBMCsec
in both mouse and human experimental settings (Figure 6F). Ltbp4/LTBP4 is involved in
both elastogenesis and the regulation of TGFβ signaling [57,58], and an increase in Ltbp4 is
associated with fibrosis in scleroderma via TGF-β/SMAD signaling [59]. Additionally, we
found that the expression of integrin subunits beta 1 and beta 5 (Itgb/ITGB 1/5) was also
decreased upon PBMCsec treatment (Figure 6G,H). As both participate in the activation of
TGFβ [56], these data indicate that their downregulation might indirectly contribute to the
reduction in TGFβ-mediated fibrotic effects.

Finally, we investigated whether PBMCsec contains endogenous elastase inhibitors
that inhibit elastin breakdown and the release of TGFβ [60], further enhancing the anti-
TGFβ feedback loop induced by PBMCsec. However, the elastase activity assay showed
only a weak reduction in elastase activity after the addition of PBMCsec (Figure 6H).
We, therefore, propose a multi-effect model for the attenuation of fibrosis with PBMCsec
(Figure 6J): PBMCsec directly inhibits TGFβ1-mediated myoFB differentiation, but not via
canonical signaling. PBMCsec attenuates the expression of numerous matrix genes and
significantly reduces elastin secretion. PBMCsec prevents elastin breakdown, shows mild
elastase inhibition, and interferes with TGFβ-induced gene expression (Figure 6J).

4. Discussion

For patients, scars, particularly hypertrophic scars, not only represent an aesthetic
problem but often lead to significantly reduced quality of life due to associated limitations
of movement, itching, and pain [8]. As the treatment of hypertrophic scars remains difficult,
the development of new therapeutic options is of particular interest. Here, we present a
multi-model approach to assessing the effects of a secretome-based drug (PBMCsec) on
scar formation and treatment in mice and humans. The strong tissue-regenerative activity
of PBMCsec has already been demonstrated not only in cutaneous wounds [25–27] but
also in various other organs, such as focal brain ischemia [31], spinal cord injury [32],
and infarcted myocardium [33]. Interestingly, in all organs mentioned above, PBMCsec
significantly reduced the size of the damaged areas and reduced the developing fibrotic
tissue, suggesting its potential use in the treatment of cutaneous scars [27,33], In this study,
we compared the effect of PBMCsec on scar formation in mice in vivo and in human ex
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vivo explant cultures. In mice, we performed the intradermal injection of the secretome
into mature scars and applied it topically during wound healing and scar formation. Only
a few studies have investigated the effects of paracrine factors on cutaneous scarring using
cell secretomes from different stem cell types, including umbilical cord stem cells, adipose
tissue-derived stem cells, or mesenchymal stem cells [61–63]. Arjunan et al. and Liu
et al. showed that conditioned medium from umbilical cord Wharton’s jelly stem cells or
adipose tissue-derived stem cells reduced the activation and growth of keloidal fibroblasts
in in vitro and in vivo keloid models [62]. In addition, Hu et al. suggested a combined
treatment of conditioned medium from MSC and botulinum toxin for the treatment of
hypertrophic scars [62]. However, in-depth analyses of the underlying mechanisms are still
lacking. Thus, our study is the first to use scRNAseq to unravel mechanisms important
for improved scar formation after the application of a cell secretome. Generally, scRNAseq
generates large datasets with tens of thousands of cells, which helps to smooth out donor
and technical variances. Therefore, low donor numbers, as used in our study, are widely
acceptable [64–66].

In our mouse experiments, both application routes, topical and intradermal appli-
cation, showed promising effects on scar formation and treatment. Of note, significantly
more genes were regulated after the topical application of PBMCsec, suggesting higher
efficacy after wound application than after injection. However, the improved wound
healing process per se after PBMCsec application might already be decisive for better scar
quality. Therefore, a direct comparison of the two application routes is difficult and requires
further experiments where PBMCsec is topically applied to already existing scars. Fur-
thermore, other potential treatment options, such as application after laser treatment [67],
microneedling [68,69], or in combination with nanocarriers [68] should be tested in future
experiments. Most importantly, and in line with the data on mouse scar formation, we
also identified a significant anti-fibrotic effect of PBMCsec on human mature hypertrophic
scars in explant cultures. In fact, the treatment of scars with PBMCsec in mice and humans
showed high similarities. In both species, we found the strongest transcriptome alterations
in FB clusters, specifically in genes of the so-called matrisome, which includes collagens,
proteoglycans, glycoproteins, and ECM regulators [22–24]. The matrisome, which was
recently defined for large-scale in silico analyses, provides a comprehensive overview of
the components of the ECM [51,70,71]. Although several characteristics of ECM alterations
in (hypertrophic) scars have already been described [72], our study provides the first large
dataset analyzing changes in the entire matrisome in mice and humans during wound
healing and scar formation. These highly valuable datasets could be the basis for many
future studies on the pathophysiology of wound healing and scar formation, as well as on
the effects of secretome-based scar treatment.

In the present study, we further focused on elastin, which was similarly downregulated
by PBMCsec under all conditions and in all species investigated. Elastin fibril sequences
interact with microfibrils and bind to cell surface receptors [73]. Elastin is extremely durable
and has a half-life of ~70 years [73,74]. While intact elastin is inert and insoluble, it can
be degraded by a plethora of elastases [74], including MMPs, aspartic proteases, serine
proteases, and cysteine proteases [74]. In our ex vivo assays, we found strong degradation
of elastic fibers in human skin induced by TGFβ, which was completely inhibited by
PBMCsec, suggesting an elastase-inhibiting effect of PBMCsec. Intriguingly, this effect of
TGFβ on elastic fibers appears to be counterintuitive, and we did not find any other study
describing this phenomenon. The interaction of TGFβ and elastin is complex. TGFβ is
generally known to induce elastogenesis [47]), stabilize elastin mRNA [47,48]), and increase
elastin secretion (Figure 5), which is most likely due to the post-transcriptional control
of elastin [47]. This is in line with our in vitro findings, as we could show the strong
upregulation of elastin production in fibroblasts treated with TGFβ. Interestingly, this
upregulation was also significantly inhibited by PBMCsec at the mRNA and protein level.
So far, we cannot offer an explanation for this phenomenon. It is tempting to speculate that
the proteolytic breakdown of elastin triggers the de novo synthesis of elastin. Furthermore,
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whether the TGFβ-induced overproduction of elastin also leads to the assembly of new
functional elastic fibers is still not fully understood. Therefore, the mechanisms by which
PBMCsec inhibits elastin breakdown need further investigations. Interestingly, our in vitro
elastase assay showed only weak anti-elastase activity of PBMCsec, suggesting that either
the specific enzyme inhibited by PBMCsec is not detected by the in vitro assay or PBMCsec
leads to the induction of endogenous protease inhibitors. In line with the second hypothesis,
Copic et al. recently showed that PBMCsec is indeed able to induce the production of
SERPINB2, a serine protease inhibitor, in human mononuclear cells [75]. Furthermore, with
scRNAseq, we showed that some elastase inhibitors, such as PI3 (peptidase inhibitor 3) and
SLPI (secretory leukocyte protease inhibitor), were significantly upregulated by PBMCsec
in FBs in scars (Figure 4H). Despite having been well investigated for their beneficial effects
in cystic fibrosis [76], these elastase inhibitors have been hardly assessed for their role in
cutaneous scar formation so far. Further, more sophisticated experiments are needed to
fully address the role of these enzyme inhibitors in scar formation.

Aside from elastin, the only other gene consistently regulated by PBMCsec in all
three scRNAseq experimental approaches was TXNIP (Thioredoxin interacting protein).
TXNIP is critically involved in the regulation of reactive oxygen species (ROS) and cellular
oxidative stress [77] and was shown to contribute to disturbed wound healing under
ischemic conditions [78]. With regard to scar formation, TXNIP was shown to be elevated
in a murine model of pulmonary fibrosis, and the inhibition of TXNIP in this model led
to the reduction in ROS and myoFB differentiation [79]. The exact role of TXNIP in skin
pathologies and in scars, however, has been scarcely investigated [80]. Our finding that
the downregulation of TXNIP was conserved across all our experimental approaches
suggests that PBMCsec-induced TXNIP downregulation might be an important mechanism
contributing to the anti-fibrotic action of PBMCsec. However, further studies are needed to
fully decipher the mechanism of TXNIP-regulation as well as its impact on cutaneous scar
formation.

Interestingly, PBMCsec also prevented FB activation and myoFB differentiation. In line
with our results, previous studies showed that treatment of FBs with conditioned medium
of mesenchymal or pluripotent stem cells was able to reduce myoFB differentiation [81,82].
In contrast to these studies, we were not able to identify a direct inhibitory action of
PBMCsec on canonical TGFβ/Smad signaling [82]. However, TGFβ has been shown to also
induce fibrosis via non-canonical (non-SMAD) signaling pathways [83], and blocking non-
canonical signaling prevents pro-fibrotic phenotypes [84]. Possible non-canonical pathways
might include glycogen synthase kinase-3β (GSK-3β) [85], a pathway we previously found
to be regulated upon non-SMAD TGFβ-mediated abolishment of myoFB differentiation [7].
Hitherto, only few secreted molecules inhibiting non-canonical TGF-signaling have been
described. Del-1 (Developmentally-Regulated Endothelial Cell Locus 1 Protein) was shown
to inhibit TGFβ and attenuate fibrosis by suppressing the αv integrin-mediated activation of
TGFβ [86]. In addition, several proteins, such as fibroblast growth factor (FGF), epidermal
growth factor (IGF), interferon gamma, and IL-10, all of which are present in PBMCsec,
are known to inhibit myoFB differentiation [6]. To identify the exact pathway of TGFβ
inhibition induced by PBMCsec, a detailed proteomic approach and the assessment of
multiple pathways will be necessary in the future.

As previously discussed [7], there are some limitations to the current study that need
to be considered. There are significant differences between the wound healing mechanisms
of mice and humans. While mice mainly rely on the contraction of the subcutaneous
panniculus carnosus, human wound healing is characterized by the deposition of extra-
cellular matrix (ECM) followed by re-epithelialization [86,87]. However, recent research
has shown that both processes contribute to a similar extent in mice [88]. Therefore, mouse
wound models may be considered a valid model for human wound healing. However, it
is important to note that the current mouse models of scarring do not fully replicate the
pathological fibrotic state observed in human hypertrophic scars. Although mouse models
for hypertrophic scars have been developed, such as subcutaneous bleomycin injection [89]



Pharmaceutics 2023, 15, 1065 20 of 24

and tight-skin mice [90], the comparability of the transcriptome of these models with
human hypertrophic scars is not yet fully understood.

In conclusion, we provide an extensive study with multiple experimental approaches
and ample scRNAseq data. Comprehensive analyses suggest a solid anti-fibrotic, ECM
reducing, and myoFB-inhibiting effect of PBMCsec. We identified the prevention of elastin
breakdown as a putative major underlying mechanism of PBMCsec-mediated scar attenu-
ation. We thus propose future clinical assessment of PBMCsec to attenuate skin scarring
during wound healing and to treat already existing mature scars [37].
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Target Supplier Product Nr. Host species Dilu�on Applica�on

GAPDH abcam ab8245 mouse 

monclonal

1:10000 WB

Collagen I
abcam ab34710 rabbit 

polyclonal

1:200 IF

Collagen III abcam ab7778 rabbit 

polyclonal

1:200 IF

Elas�n Merck Mab2503 mouse 

monclonal

1:100 IF, WB

Alexa fluor® 546  an�-

mouse IgG (H + L)

Invitrogen A-11030 goat  

polyclonal

1:500 IF, 2nd step

Alexa fluor® 546 an�-

rabbit IgG (H + L)

Invitrogen A-11035 goat  

polyclonal

1:500 IF, 2nd step

An�-mouse, HRP-

conjugated

GE 

Healthcar

e

GENX-A931 goat  

polyclonal

1:10 000 WB, 2nd step

An�-rabbit, HRP-

conjugated

Bio-Rad #1706511 goat  

polyclonal

1:10 000 WB, 2nd step

Figure S1: Methods

A) Workflow of GMP-PBMCsec-production: leukocyte cones are obtained as blood-donation by-product,

PBMCs are isolated by Ficoll-centrifugation, cells are irradiated with 60Gy and incubated for 24h. 

Superantatants are filtrated and lyophilized, and off-the-shelf PBMCsec is stored at -20° until use. 

B) Table of antibodies used. IF = immunofluorescence, WB = western blot 
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Figure S2: Quality control of mouse scRNAseq 

A-C, E-G) Violin plots of quality control parameters of the ‘topical’ and ‘inject’ dataset. A, E) 

total molecules per cell B, F) (gene count per cell and C, G) mitochondrial gene content. D, H) 

Feature Plots of cluster markers for cluster identification in the ‘topical’ and ‘inject’ dataset:  

Col1a1 (collagen I alpha 1) for fibroblasts, Acta2 (smooth muscle actin) for smooth muscle cells 

and myofibroblasts, Rgs5 (Regulator Of G Protein Signaling 5) for pericytes, Pecam (Platelet 

And Endothelial Cell Adhesion Molecule 1) for endothelial cells, Lyve1 (Lymphatic Vessel 

Endothelial Hyaluronan Receptor 1) for lymphatic endothelial cells, Cd207 (Langerin) for 

Langerhans cells, Cd3d (cluster of differentiation 3D) for T-cells, Itgax for dendritic cells, Aif1 

(allograft inflammatory factor 1) for macrophages, Mki67 (Marker Of Proliferation Ki-67) for 

proliferating cells, Krt1 (Keratin1) for spinous and granular keratinocytes (KCs), Krt5 (Keratin 

5) for basal KCs, Krt25 (Keratin 25) for hair follicles,  Pmel (Premelanosome Protein) for 

melanocytes, Cidea (Cell Death Inducing DFFA Like Effector A) for adipocytes. Vertical lines 

in violin plots represent maximum expression, shape of each violin represents all results, and 

width of each violin represents frequency of cells at the respective expression level. In feature 

plots, normalized log expression of the respective gene is mapped onto the UMAP-plot. Color 

intensity indicates level of gene expressions. UMAP, uniform manifold approximation and 

projection. 
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Figure S3: Top 50 regulated genes per cell group in ‘Topical’ mouse scars 

In A) fibroblasts (FBs, red circles), B) smooth muscle cells and pericytes (SMC/PCs, purple), C) 

endothelial cells (ECs, blue), D) T-cells (dark green), E) dendritic cells and macrophages (DCs, 

light green), and keratinocytes (KCs, yellow), hair follicles (HF, beige), melanocytes  (Mel, 

brown), adipocytes (Adipo, grey); differentially expressed genes (DEGs) were calculated 

comparing ‘PBMCsec’ mouse scars to ‘NaCl’-mouse scars, using Wilcoxon rank sum test, 

including genes with average logarithmic fold change (avglogFC) of  > 0.1 or < -0.1 and 

Bonferroni-adjusted p-value <0.05. For each cellgroup, top 50 DEGs according to lowest 

adjusted p-value are displayed, split by treatment. Dot size represents percent of cells 

expressing the respective gene, color correlates with average expression.  
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Figure S4: Top 50 regulated genes per cell group in 6 weeks ‘Inject’ mouse scars 

In A) fibroblasts (FBs, red circles), B) smooth muscle cells and pericytes (SMC/PCs, purple), 

C) endothelial cells (ECs, blue), D) T-cells (dark green), E) dendritic cells and macrophages 

(DCs, light green), and keratinocytes (KCs, yellow), hair follicles (HF, beige), melanocytes  

(Mel, brown), adipocytes (Adipo, grey); differentially expressed genes (DEGs) were calculated 

comparing ‘PBMCsec’ mouse scars to ‘NaCl’-mouse scars, using Wilcoxon rank sum test, 

including genes with average logarithmic fold change (avglogFC) of  > 0.1 or < -0.1 and 

Bonferroni-adjusted p-value <0.05. For each cellgroup, top 50 DEGs according to lowest 

adjusted p-value are displayed, split by treatment and timepoint. Dot size represents percent 

of cells expressing the respective gene, color correlates with average expression.  
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Figure S5: Quality control of human scRNAseq 

A-C) Violin plots of quality control parameters of the ‘human’ dataset. A) total molecules per cell B) 

(gene count per cell and C) mitochondrial gene content. D) Feature Plots of cluster markers for cluster 

identification in the ‘topical’ and ‘inject’ dataset:  COL1A1  (collagen I alpha 1) for fibroblasts, ACTA2 

(smooth muscle actin) for smooth muscle cells and myofibroblasts, RGS5 (Regulator Of G Protein 

Signaling 5) for pericytes, SELE (Selectin E) for endothelial cells, LYVE1 (Lymphatic Vessel Endothelial 

Hyaluronan Receptor 1) for lymphatic endothelial cells, Cd3d (cluster of differentiation 3D) for T-cells, 

ITGAX for dendritic cells, CD207 (Langerin) for Langerhans cells,  AIF1 (allograft inflammatory factor 

1) for macrophages, KRT1 (Keratin1) for spinous and granular keratinocytes (KCs), KRT5 (Keratin 5) 

for basal KCs, MLANA (Melan-A) for melanocytes. E) UMAP-clustering in the ‘human’ dataset, split by 

samples. Sample “Skin 1 medium” was lost due to technical difficulties during preparation. Vertical lines 

in violin plots represent maximum expression, shape of each violin represents all results, and width of 

each violin represents frequency of cells at the respective expression level. In feature plots, normalized 

log expression of the respective gene is mapped onto the UMAP-plot. Color intensity indicates level of 

gene expressions. UMAP, uniform manifold approximation and projection 
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Figure S6: Top 50 regulated genes per cell group in human skin 

In A) fibroblasts (FBs, red circles), B) smooth muscle cells and pericytes (SMC/PCs, purple), 

C) endothelial cells (ECs, blue), D) T-cells (dark green), E) dendritic cells and macrophages 

(DCs, light green), and keratinocytes (KCs, yellow), melanocytes  (Mel, brown); differentially 

expressed genes (DEGs) were calculated comparing ‘PBMCsec’ skin biopsies to ‘Medium’ skin 

biopsies, using Wilcoxon rank sum test, including genes with average logarithmic fold change 

(avglogFC) of  > 0.1 or < -0.1 and Bonferroni-adjusted p-value <0.05. For each cellgroup, top 

50 DEGs according to lowest adjusted p-value are displayed, split by treatment. Dot size 

represents percent of cells expressing the respective gene, color correlates with average 

expression.  
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Figure S7: Top 50 regulated genes per cell group in human scar 

In A) fibroblasts (FBs, red circles), B) smooth muscle cells and pericytes (SMC/PCs, purple), 

C) endothelial cells (ECs, blue), D) T-cells (dark green), E) dendritic cells and macrophages 

(DCs, light green), and keratinocytes (KCs, yellow), melanocytes  (Mel, brown); differentially 

expressed genes (DEGs) were calculated comparing ‘PBMCsec’ scar biopsies to ‘Medium’ 

scar biopsies, using Wilcoxon rank sum test, including genes with average logarithmic fold 

change (avglogFC) of  > 0.1 or < -0.1 and Bonferroni-adjusted p-value <0.05. For each 

cellgroup, top 50 DEGs according to lowest adjusted p-value are displayed, split by treatment. 

Dot size represents percent of cells expressing the respective gene, color correlates with 

average expression.  
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Figure S8: The interaction of TGFβ and PBMCsec in vivo 

A) In vitro TGFβ-activity assay. HEK-cells colorimetrically detecting SMAD2/3 TGFβ-activity 

were incubated with recombinant TGFβ1, with PBMCsec alone, and with TGFβ1 and PBMCsec 

combined. Color intensity correlates with TGFβ1-signaling activity.  B) Workflow of mice 

intradermally injected with TGFβ1 and treatmens. Mice were intradermally injected with 800ng 

TGFβ1 dissolved 100µl in NaCl 0,9%, Medium or PBMCsec on five consecutive days and 

sacrificed on the 6th day. C) H&E staining of resulting “scars” of the injected area. 

Immunofluorescence stainings of D) collagen 1, E) collagen 3, F) smooth muscle actin in 

TGFβ1-injected mouse skin. Arrows indicate areas of dense matrix deposition.  
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Figure S9: Subcluster analysis of FB populations 

A-C) Violin plots of Acta2/ACTA2 in mouse and human datasets, split by treatments. D) Feature 

plots of FB subcluster markers in FB subclusters of mouse and human datasets. Tagln/TAGLN, 

Transgelin; Dpp4/DPP4, dipeptidyl-peptidase 4; Sfrp2/SFRP2, Secreted Frizzled Related 

Protein 2; Mgp/MGP, Matrix Gla Protein; Plau/PLAU, urokinase; Tgfbi/TGFBI, Transforming 

Growth Factor Beta Induced. In violin plots, dots represent individual cells, y-axis represents 

log2 fold change of the normalized genes and log-transformed single-cell expression. Vertical 

lines in violin plots represent maximum expression, shape of each violin represents all results, 

and width of each violin represents frequency of cells at the respective expression level. In 

feature plots, normalized log expression of the respective gene is mapped onto the UMAP-plot. 

Color intensity indicates level of gene expressions. UMAP, uniform manifold approximation and 

projection. A two-sided Wilcoxon-signed rank test was used in R. NS p > 0.05, *p < 0.05, 

**p < 0.01, ***p < 0.001. 
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3. Discussion 

3.1. General discussion 

The initial question of this dissertation project was to elucidate the effects of PBMCsec on skin and scar. 

However, many cellular processes in (hypertrophic) scarring were not well understood, and 

transcriptomes of skin and hypertrophic scars were not studied on single cell level before. Therefore, a 

basis characterizing the cellular characteristics of skin and scars on a hitherto unmet resolution needed 

to be established. Thus, the project was structured into three main research questions: We aimed 1) to 

thoroughly investigate the transcriptome landscape of healthy human skin, with particular focus on FB 

populations, 2) to elucidate the transcriptome alterations of human (hypertrophic) scars compared to 

skin, and to identify and functionally characterize potential new drug targets for treatments of hypertrophic 

scars and 3) to describe the effects of PBMCsec on human skin and scar, and decipher the mechanisms 

of action that lead to its potentially beneficial effects in fibrosis and skin scarring. 

Several recurring themes running through our research like common threads became apparent in all 

three studies. Foremost, we identified FBs as the linchpins of action, common agents, and targets of 

interest in this comprehensive work. We initially attempted to thoroughly characterize all cell types 

present in human healthy skin on a single cell transcriptome level (103). However, we found that the 

diversity and functional characteristics of FBs was the most prominent feature of our human skin single-

cell dataset in our first study (Figure 5). Others described before that skin FBs displayed distinct clusters 

marked by, among others, DPP4 (102), and that DPP4+ FB are a specific FB lineage responsible for 

secretion of ECM in mice (153). However, we were the first to demonstrate a specific DPP4+ FB cluster 

in human skin that was identified as the main source of ECM (103). Additionally, the identification of 

several markers that specifically mark only FBs (e.g. SDC2, PLPP3, MXRA8) further contributes to this 

field by aiding in purifying FB populations from cell cultures, or by removing FBs from other cell cultures 

of interest (250, 251). At the time of the preparation of this dissertation, the study has been cited by more 

than 70 other works, highlighting that the characterization of FBs, the diversity of FBs in human skin and 

the role of a DPP4+ FB cluster is of particular interest to the dermatological research (103).  
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Figure 5 Graphic summary: The characterization of functional heterogeneity of human skin fibroblasts. 

Human FB clusters were defined using scRNAseq, six distinct FB clusters were found, new surface 

markers were identified. A specific DPP4-positive FB cluster was characterized, which was primarily 

responsible for the secretion of ECM (103).  

 

Subsequently, when analyzing hypertrophic scar FBs compared to healthy human skin (252), we again 

found a specific DPP4-expressing FB cluster in human scars. This FB cluster was significantly expanded 

in FBs, and strikingly, was also responsible for the abundance of ECM-secretion in scars (252). Another 

work assessing FBs in keloids compared to skin confirmed our findings and found a similar transcriptome 

signature (253). The authors also identified specific mesenchymal FB cluster, comparable to our cluster 

FB1 in scars, that was also exclusively expanded in keloids, but hardly present in healthy skin (253).  

Lastly, FBs were also the main mediators of beneficial effects after treatment of scars with PBMCsec, 

and scar-specific FB clusters were also present in this dataset (44). In FB clusters, the highest number 

of genes was regulated by PBMCsec, and the most regulated genes were associated with ECM and 

remodeling (44). Therefore, we closely explored the matrisome alterations in FBs after PBMCsec-

treatment, i.e., in collagens, proteoglycans, glycoproteins, and ECM regulators. The characteristic of 

several ECM alterations in (hypertrophic) scars are well investigated (254). However, the ‘matrisome’ for 

large-scale in silico analyses was defined and further investigated only recently (206, 255, 256). The 
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comprehensive matrisome was characterized in human skin and keloids (257), but no studies hitherto 

used scRNAseq and matrisome analysis to elucidate the effect of conditioned medium or secretome in 

scarring or wound models. Taken together, this thesis comprises an entirely new view on FBs in human 

skin and in scarring, their interaction with PBMCsec, and the secretion of ECM and matrisome 

components. 

When considering FBs in the context of scars, their differentiation into activated FBs or myoFBs are key 

mechanisms in all fibrotic processes (95, 106, 107). Thus, we established a model for testing potential 

inhibitors of myoFB-differentiation by stimulating primary human skin FBs with TGFß, inducing the 

activated FB phenotype. Pleasantly, we found that the FBs were prevented from differentiating into 

myoFB by inhibiting DPP4 using the specific inhibitor Sitagliptin, or the urokinase-inhibitor BC-11 (Figure 

6) ( (252). Abolishment of myoFB-differentiation by inhibition of DPP4 was described before (168). 

However, we were the first to use the clinically approved pharmaceutical Sitagliptin, and BC-11 to prevent 

myoFB-differentiation (252). 

 

Figure 6 Graphic summary: The serine proteases dipeptidyl-peptidase 4 and urokinase are key 

molecules in human and mouse scar formation. Human and mouse skin and scar transcriptomes were 

characterized and compared. Scar-exclusive FB clusters were found, and serine proteases DPP4 and 

urokinase were identified as key regulators. Blockage of proteases abolished myoFB differentiation and 

inhibited excessive ECM deposition (252). 
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DPP4+ FBs were shown to mediate fibrotic pathologies in various other organs in animal studies, and 

pharmacological inhibition of DPP4 using gliptins attenuated renal (163), heart (159, 160), lung (162), 

and liver fibrosis (161). Further studies (258) are required to investigate whether such a FB subset with 

comparable contribution to fibrotic processes indeed exists in other organs in humans.  

Surprisingly, PBMCsec also entirely prevented TGFß-mediated myoFB-differentiation (44), indicating its 

high anti-fibrotic potential. According to earlier studies that corroborated our findings, mesenchymal or 

pluripotent stem cell conditioned media treatment of FBs suppressed myoFB-differentiation (259, 260). 

Connecting the findings from the second study with the investigation of PBMCsec in scars, we initially 

hypothesized that endogenous DPP4 or urokinase inhibitors might be present in PBMCsec, however, 

none could be identified. The myoFB-preventing effect was only present when the full secretome was 

used, but not upon stimulation with its components (lipids, proteins, extracellular vesicles), suggesting a 

synergistic effect (44). 

In our experimental approach, DPP4- and urokinase-inhibition, as well as treatment with PBMCsec, all 

consistently prevented TGFß-induced myoFB-differentiation. However, to our surprise, none of them 

interfered with the canonical TGFß-signaling pathway. In earlier studies, it has been shown that DPP4 

inhibition blocks both TGFß-mediated myoFB differentiation by inhibiting ERK signaling and classical 

TGFß signaling via Smad2 in renal fibrosis (261, (168). We could not confirm this mechanism in our 

approach. Moreover, we also did not find any interference of BC-11 with the canonical TGF1 signaling 

pathway. While BC-11 showed a significant activation of GSK3/ in TGF1-stimulated FBs, we did not 

find this effect upon stimulation with Sitagliptin. Prior research (262, 263) revealed that GSK3 interacts 

with WNT/-catenin signaling, and deletion of GSK3ß resulted in a pro-fibrotic myoFB phenotype in 

isolated mouse cardiac FBs.(259). We thus suppose that activating GSK3α/ß functions as a counter-

regulatory mechanism for TGF1-signaling and that BC-11, at least in part, exhibits its anti-fibrotic activity 

through activating GSK3α/ß (259). 

PBMCsec-application also did not affect the canonical TGFß-signaling. While others found direct 

inhibition of the canonical TGFβ/Smad signaling through conditioned media (260), we found no inhibition 

of this pathway. However, we assume that PBMCSec again hardly acts via a single mechanism but 
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contains various compounds and endogenous TGFβ inhibitors that prevent the myoFB-induction. Only 

few secreted endogenous non-canonical TGFβ-signaling inhibitors are described; e.g. Del-1 

(Developmentally-Regulated Endothelial Cell Locus 1 Protein, EDIL3), extracellularly secreted also by 

leukocytes, was found to tackle TGFβ-signaling and prevent fibrosis via suppressing αv integrin-mediated 

activation of TGFβ (261) 

As TGFβ can also initiate fibrosis via non-canonical (non-SMAD) signaling pathways (262), and impaired 

non-canonical signaling prevented profibrotic phenotypes (263), we suppose that the inhibition of myoFB-

induction occurs thereby. To pinpoint the precise mechanism of the TGFβ-inhibition by Sitagliptin, BC-

11 and PBMCSec, a thorough proteomic approach and evaluation of several pathways will be the focus 

of our future work. 

The common property of DPP4 and urokinase is their activity as serine proteases, and several 

components of PBMCsec include (serine) protease inhibitors. Thirteen clans and forty families make up 

the broad, diversified group of proteases known as serine proteases/peptidases (264). Proteases 

involved in critical processes such blood coagulation, fibrinolysis, apoptosis, and immunology constitute 

the trypsin family (265).This family includes the enzymes urokinase (PLAU), HTRA1/3 (high temperature 

requirement A1/3 peptidase), a number of coagulation factors and complement elements, PRSS-like 

serine proteases, granzymes, and cathepsin G (264). Human in vitro studies and mice trials with 

urokinase inhibitors have demonstrated that they can inhibit the fibrotic processes that lead to heart and 

pulmonary fibrosis (157, 266). Thus, they have recently been the focus of therapeutic research for fibrotic 

disorders (226, 266, 267).  

In the context of fibrosis, the literature on urokinase inhibitors is inconsistent. Urokinase was found before 

to critically regulate fibrinolysis and ECM-turnover, explaining its to anti-fibrotic action (226). Therefore, 

inhibition of urokinase to mitigate tissue fibrosis may seem counterintuitive. The most extensively studied 

endogenous urokinase inhibitor, plasminogen activator inhibitor-1 (PAI-1, SERPINE1), has been 

discovered to significantly increase matrix accumulation upon injury (266). Previous studies, confirming 

our pertinent results, found that inhibition of urokinase by PAI-1 abolishes profibrotic effects in FBs from 

fibrotic lungs and prevents cardiac fibrosis in mice (156). PBMCSec most likely also contains plethora of 
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various endogenous serine protease inhibitors. Serine protease inhibitors, Serpins, are potent 

endogenous protease inhibitors, and dysregulation of serpin activity is involved in fibrotic pathologies 

(156, 266). We hypothesize that a combination of serpins in PBMCSec contributes to the elastase 

inhibition and also to the positive effects observed in wound healing. For example, SERPINA1 (Alpha 1-

antichymotrypsin) is a specific inhibitor of leukocyte-derived chymotrypsin-like proteases, which 

improved wound healing and scar formation in mice (268, 269), and was upregulated upon PBMCsec-

stimulation.  

Aside from DPP4, urokinase and PBMCsec components, another substrate of specific proteases, elastin 

(ELN), became a focus of this work. We did not closer address elastin, and did not find substantial 

regulation when first comparing skin and scar transcriptomes (252). However, elastin expression was 

significantly reduced upon stimulation with PBMCsec, and was found acting as a hinge of the mechanistic 

explanation of PBMCsec effects (44). 

In contrast to the well described effect of elastin stabilization and overexpression through TGFβ (183), 

we observed the opposite in our ex vivo model. Upon ex vivo stimulation with TGFβ, papillary elastin 

fibers were truncated in the skin, and were preserved upon addition of PBMCsec. This appears 

counterintuitive to the literature, and we did not find any studies that described this phenomenon before. 

The interaction of TGFβ and elastin is complex: TGFβ is well described to enhance the expression of 

elastin (187) and stabilize elastin mRNA, promoting elastin secretion (187). Elastic fiber degradation can 

release elastin fragments named elastokines, exerting cytokine-like signaling properties, that mediate 

cell signaling via integrin and syndecan receptors (190). Moreover, microfibrils store TGFβ family growth 

factors for later release, which is critical for homeostasis and remodeling (190).  

In our ex vivo biopsies, elastin was truncated by TGFβ and preserved by PBMCSec. Serine proteases, 

and also metalloproteases play a crucial role in TGF-elastin-interaction (270). Both are able to activate 

TGFβ via direct cleavage of latent TGFβ, or interaction with integrin mediated TGFβ activation pathways 

(270). Moreover, neutrophil elastase can also induce TGFβ secretion (271), and release latent TGFβ 

from the ECM (272). TGFβ was demonstrated to establish complex autocrine enhancing and inhibiting 

feedback signaling loops (273, 274). We thus suppose that in our ex vivo biopsies, the inhibition of 
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proteases by PBMCsec prevented the cleavage of elastin, abolishing the release of further TGFβ from 

the matrix, on the one hand, averting the positive feedback loop (Figure 7). In contrast, PBMCSec directly 

downregulated the expression of genes associated with TGFβ activation, integrins and latent TGFβ 

proteins (44). 

Interestingly, elastin-cleaving elastases ELANE and CELA1 are also both serine proteases like DPP4 

and urokinase (41), further emphasizing the role of serine proteases in hypertrophic scar formation. Even 

though we did not find ELANE and thus no regulation of it in mouse or human skin or scar cells, PBMCSec 

did exert an endogenous elastase inhibiting effect (Figure 7). Potent elastase inhibitors possibly present 

in PBMCSec might be Elafin (PI3, skin-derived antileukoprotease) and SLPI (secretory leukocyte 

protease inhibitor, Antileukoproteinase). Both were also directly upregulated in FBs by PBMCSec in scar. 

They are scarcely evaluated for their involvement in skin and scar formation despite being highly 

researched for their positive benefits in cystic fibrosis (275), but we suggest they merit additional research 

(44). 

 

 

Figure 7 Graphic summary: The anti-fibrotic mechanisms of PBMCsec in scars. PBMCsec prevents 

TGFβ1-mediated myoFB differentiation, attenuates the expression of ECM genes and significantly 

reduces elastin secretion. PBMCsec abolishes elastin breakdown, inhibits elastase, and inhibits with 

TGFβ-induced gene expression (44). Use of graphic permitted according to CC BY 4.0 license. 
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In a rat model of acute myocardial infarction, we previously found that injection of apoptotic PBMCs (an 

earlier version of PBMCsec) increased elastin content after AMI in the myocardial scar (18), and apoptotic 

PBMCs increased elastin expression in primary human FBs (18). While ex vivo, PBMCsec preserved 

elastin fibers, we observed the opposite effect in vitro: TGFβ induced elastin secretion (187, 188), and 

PBMCSec abolished the abundant secretion. Taken together, we propose that PBMCSec interacts with 

elastases (i.e., serine proteases), stabilizes elastin, prevents breakdown under the influence of TGFβ-

mediated fibrotic remodeling, and reduces the excess expression through TGFβ-signaling (Figure 7). 

Aside from our main targets of interest DPP4, PLAU and PBMCsec, our transcriptome studies revealed 

numerous further genes regulated in scar compared to skin, or upon treatment with PBMCsec, that merit 

further investigation. Many of them have hardly been investigated in the context of scarring and fibrosis. 

For example, Superoxide dismutase 2/3 (SOD2/3), an important antioxidant enzyme that controls the 

release of reactive oxygen species (ROS) (276), discovered to be significantly downregulated in scar-

forming FBs (277). The failure of ROS scavenging has been previously linked to hypertrophic scar 

formation. In line with that discovery, all three scRNAseq experimental techniques showed consistent 

regulation of TXNIP (Thioredoxin interacting protein) expression by PBMCsec. Additionally, TXNIP is 

essential for controlling ROS and cellular oxidative stress (75), and has been implicated in impaired 

wound healing under ischemic conditions (76). Despite its potential involvement in skin pathologies and 

scar formation being hardly investigated (78), our discovery that PBMCsec downregulates TXNIP in all 

experimental settings raises the possibility that PBMCsec-induced TXNIP downregulation functions as a 

significant mechanism underlying its anti-fibrotic effects.  

Furthermore, several cytokines and ECM-regulators, such as periostin (POSTN), pleiotrophin (PTN) and 

midkine (MDK), both involved in cell growth, migration, and angiogenesis, were found to be consistently 

upregulated in scar-forming fibroblasts. Some genes, including POSTN, were even enhanced after 

PBMCsec treatment, suggesting a targeted regulation of these factors. Stratifin (SFN), a potent 

collagenase-stimulating factor in FBs (278), was also considerably downregulated in scars, suggesting 

a role for matrix preservation in the maintenance and/or development of the fibrotic phenotype. 

Interestingly, SFN was upregulated in several cell types in human scar upon PBMCsec-stimulation. 
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These findings suggest that the interaction of many more genes hitherto unknown contributes to skin 

scarring, and that PBMCsec mitigates through a great variety of processes.  

All of the three studies presented here certainly do have some limitations. Wound healing and scarring 

physiology in rodents significantly differ from human (279). While human skin predominantly heals via 

re-epithelialization, mouse wounds exhibit stronger contraction through the subcutaneous panniculus 

carnosus (88, 280). To accurately mimic hypertrophic skin scarring, tight-skin mice (279) and 

subcutaneous bleomycin injection (281, 282) have been proposed. However, it has not been examined 

whether their transcriptome can be compared to human hypertrophic scars. Nonetheless, studies looking 

at the contributions of contraction and epithelialization in mice found that each accounted for 40–60%, 

and animal wound models can therefore be considered a good model for human wound healing (280). 

Thus, and as our main conclusions drawn from the mouse models are also consistent in the human 

analyses, we presume that the mouse model provides valid insights.  

An important aspect that should be considered in our studies is the potential presence of a sex bias. As 

the majority of patients undergoing aesthetic body-contouring surgery are women, and because female 

mice are much less aggressive in frequent handling, almost all samples in our studies are thus derived 

from females. The influence of estrogen was found to inhibit the pro-fibrotic effects of TGFß (283). The 

study found that in dermal FBs, 17-β-estradiol treatment significantly reduced the stimulatory effects of 

TGF-β on collagen synthesis and myofibroblast differentiation (283). Moreover, it also significantly 

reduced the activation of canonical TGFβ signaling and significantly reduced the expression of TGFβ 

target genes (283). Estrogen was also found to influence psoriasis-like skin inflammation (284), and the 

response to photodamage in skin (285). Additionally, a sex-specific difference of drug distribution in skin 

was observed in mice, showing higher accumulation of nanoparticles in female hair follicles than in male 

mice (286). These studies implicate that the sex of trial participants and experimental animal might 

influence our results. We thus propose that future studies evaluating potential therapies in scar formation 

and the application of PBMCSec should include both male and female samples.  

One main drawback of the mouse model is the significantly different structure of elastin in the upper 

dermis making comparison of our findings of elastin breakdown difficult in mouse skin. In a pig burn scar 
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model, mesenchymal stem cells were applied; elastin fibers exhibited regeneration, and elastin fibers 

could be assessed using EvG-staining (280). Although we have previously evaluated PBMCSec in burn 

pig wounds (21), the main objective of this study was to examine wound healing rather than scarring.  

In our experimental models assessing DPP4, BC-11 and PBMCsec, scar tissue and open wounds were 

treated topically with creams containing protease inhibitors. It is still unknown if the active ingredients 

may penetrate wound scabs and/or scar tissue or if the initial care given to open wounds is sufficient to 

reduce the need for scarring. However, a recent study (287) looking at Sitagliptin transdermal resorption 

shows adequate skin penetration. As BC-11 has hitherto not been used in humans, future investigation 

is required to assess its pharmacodynamic and pharmacokinetic characteristics. 

For PBMCsec-application, our scRNAseq identified many more differently expressed genes in topical 

PBMCSec than after injection, i.e., stronger transcriptome alterations, thus we suppose higher efficacy 

of topical application in wounds than after injections. PBMCsec contains a great variety of active 

components, including extracellular vesicles, proteins, and lipids (27). Our previous works 

coherently found that PBMCsec only unfolds its full regenerative potential when all its components are 

applied, and only when secretome of all cell types of PBMCs are included (27, 34). Future assessment 

of the permeability of PBMCsec components into the skin is necessary, however, we suppose that large 

molecules such as proteins and extracellular vesicles are not able to permeate the stratum corneum of 

the skin. Thus, other galenics to apply PBMCsec are needed, and future investigations might apply laser 

treatment (288), micro needling (289), or nanocarriers (290) to deliver all PBMCsec components into the 

skin.  

Having characterized the antifibrotic properties of DPP4- and urokinase inhibitors and PBMCsec, a 

clinical translation for their application in patients would be desirable. Specific DPP4-inhibitors, gliptins, 

among them the here used Sitagliptin, are in wide clinical use for treatment of diabetes mellitus (158). It 

would be worthwhile to further evaluate gliptins in their efficacy on scar formation and scar quality in 

diabetic patients compared to other drugs that inhibit serine proteases. To fully understand effectiveness 

of gliptins in treating skin scarring, it would be encouraging to investigate their off-label topical 

administration in non-diabetic patients given that they are already approved for clinical usage. 
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Encouraging results for hypertrophic scar formation have already been observed in diabetic Japanese 

patients who are treated with gliptins (291). As mentioned above, inhibition of DPP4 activity by gliptins 

reduced fibrotic processes in the kidney (163), heart (159, 160), lung (162), and liver (161). Thus, of the 

therapeutic strategies assessed here, DPP4- inhibitor Sitagliptin would be closest to a potential clinical 

application in scarring.  

Hardly any literature was found for the previous use of BC-11, only an in vitro study exists, assessing its 

cytotoxicity in breast cancer cells (292). We did not directly investigate the safety and tolerability of BC-

11 in our in vitro and in vivo experiments; nonetheless, we also did not observe any toxic effects. As we 

have shown substantial variations in collagen contraction between the particular knock-down of PLAU 

and DPP4 and their respective inhibitors, it is possible that both exhibit side effects 

that must be thoroughly addressed in subsequent research. Extensive further in vitro and in vivo testing 

is necessary to facilitate further clinical application for BC-11. In contrast to BC-11, PBMCsec has already 

undergone clinical phase I-testing, and is currently under investigation in a phase II trial for topical 

application in diabetic foot ulcers (33). The preparation and approval for clinical testing of PBMCsec has 

been challenging (293), as every single step and every component used in its preparation has to follow 

good-manufacturing-practice  guidelines. Having mastered this extensive process, approval of topical 

application for skin scarring will be a much smaller challenge.  

 
3.2. Conclusions and future prospects 

This dissertation presents a comprehensive trilogy of studies that investigate the transcriptome of healthy 

skin, the genetic landscape of skin scarring, and the use of PBMCsec in (hypertrophic) scars. Novel 

fibroblast clusters were defined, specific proteases were identified as key players in fibrosis, and the 

mechanisms of action of PBMCsec in skin scarring were characterized. However, several key points 

warrant further investigation in future studies. For instance, clinical investigations of DPP4 and urokinase 

inhibitors and their role in preventing or treating scars would be of great interest. Moreover, BC-11 has 

received little attention so far, and our study is the first to investigate its in vivo effects. Therefore, safety 

and efficacy studies should be conducted before further clinical investigations. Sitagliptin, a DPP4 
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inhibitor that is clinically established for the treatment of diabetes mellitus, might be a promising topical 

treatment for skin scarring in the near future. 

PBMCsec (APOSEC®) is currently undergoing Phase II investigation for topical application in wound 

healing of diabetic foot ulcers (33). Once topical application in wound healing is approved by Austrian 

and European authorities, clinical studies for the prevention of (hypertrophic) scarring, particularly in burn 

patients, are likely to follow soon. In the future, phase I and II studies could be conducted to evaluate the 

intracutaneous injection of PBMCsec in already existing hypertrophic scars, which could be a promising 

approach.  

Taken together, this dissertation builds a solid base for new treatment options of hypertrophic skin 

scarring. Moreover, this thesis provides a solid foundation for the development of new treatment options 

for hypertrophic skin scarring. The studies presented in this work shed light on the underlying 

mechanisms of skin scarring and highlight potential new therapeutic targets. The findings pave the way 

for future investigations that could lead to the development of effective treatments for this common and 

often debilitating condition.  
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4. Materials and Methods 

Materials and methods were applied as stated in the papers comprised in this thesis. Specific methods 

used in all three studies are summarized here.  

4.1. Skin and scar samples 

Healthy normal skin samples for single-cell RNA sequencing (scRNAseq) analysis were taken from three 

healthy female donors, 30, 36, and 43 years old, from surplus trunk skin removed during abdominoplasty. 

From patients who underwent elective scar resection or other surgery that comprised scar tissue, 

resected scar tissue (n = 3) was collected. A plastic surgeon characterized the scars using the POSAS 

classification system as hypertrophic, pathological scars. For all studies, only adult scars that had not 

previously undergone treatment and had been present for more than two years were utilized. None of 

the donors had any known chronic illnesses or were taking any long-term medications. Histological 

examination was used to evaluate the scar tissue; in none of the scar sample's neighboring normal skin 

was observed macroscopically (44, 252). 

4.2. Mouse scar models 

Female Balb/c mice were procured from the animal facility of the Medical University of Vienna (Himberg, 

Austria) and were reared under specific-pathogen-free conditions at a room temperature of 22 ± 2 °C and 

a humidity of 55 ± 10% as described before (44, 252). Female mice were preferred over male mice due 

to their superior experimental compliance and easier handling, which was essential for frequent handling 

and administration of treatment. To induce full-thickness skin wounds, mice were subjected to 

intraperitoneal anesthesia with 100 mg/kg Xylazine and 5 mg/kg Ketamine (both procured from Sigma-

Aldrich, St. Louis, MO, USA). Post-operative analgesia was provided through subcutaneous 

administration of 0.1 mg/kg Buprenorphine (Temgesic®, Indivior Inc., North Chesterfield, VA, USA) and 

by adding 0.125 mg/ml Piritramide (Janssen-Cilag Pharma, Vienna, Austria) to drinking water. A 

9 × 9 mm2 area was marked on the shaved backs of the mice, and the skin was excised using sharp 

scissors. The excised areas were left uncovered to heal naturally and received no further care. The mice 

were euthanized 6- or 8-weeks post-wounding, and scar tissue was isolated. Biopsies with four-millimeter 

diameter were excised from the scar tissue and used separately for scRNAseq. Histological analysis was 
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used to evaluate the quality of scar tissue, and samples were chosen for further examination with a 

maximum of 20% normal surrounding skin (44, 252). 

4.3. Mouse wound and scar treatments 

Full-thickness skin wounds were created in mice as described above. For all interventions, 

Ultrasicc/Ultrabas ointment (1:1; Hecht-Pharma, Bremervörde, Germany) was utilized as carrier 

substance. A control treatment was prepared by mixing four parts Ultrasicc/Ultrabas and one part water. 

Protein inhibitors, Sitagliptin (final concentration 1 mM) or BC-11 (final concentration 5 mM), were 

combined with the ointment after being dissolved in water. For PBMSec experiments, four parts 

Ultrasicc/Ultrabas and one part water were blended as a control treatment. PBMCSec (5U/ml, 200µl 

dissolved lyophilizate) or 200µl/ml medium was mixed with ointment. Immediately following wounding, 

mice were given either a control or inhibitor treatment by having 100µl of ointment applied to each wound. 

The mice were then kept under close observation for 30 min in litter-free, empty cages to avoid the 

treatments from being removed too soon and to give enough time for tissue resorption. To prevent wound 

infections, scabs were kept intact. Mice received treatment every day for the first seven days and three 

times per week for the following seven weeks. Following the development of scars, 4 mm samples of the 

scar tissue were extracted and divided in two. The other biopsy halves from each therapy group were 

combined and examined with scRNAseq in addition to the one half of each scar sample used for 

histological analysis. In the "injection" scar model, mice were injected every other day for two weeks 

starting on day 29 after skin injury with 100yl 0,9% NaCl, medium (CellGenix GMP DC Medium phenol 

red-free), or PBMCSec. In each group, half the mice (n=2) were slaughtered and examined, and the 

other half (n=2) were allowed to age for a further two weeks before sacrifice (44, 252). 

4.4. Cell isolation and generation of single-cell suspension for single-cell RNA sequencing 

Skin, scar, and mouse samples were enzymatically digested using GentleMACS Human Whole Skin 

dissociation kit (Miltenyi Biotech, Bergisch-Gladbach, Germany) for 2.5 hours according to the 

manufacturer's protocol and processed on a GentleMACS OctoDissociator (Miltenyi). Cell suspensions 

were filtered through 70- and 40-µm filters and stained with DAPI-dye for 10 seconds. Cells were 

resuspended in phosphate-buffered saline (PBS) containing 0.04% bovine serum albumin and washed 
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twice. Cells were sorted for viability using an AriaFusion (BD Biosciences, San Jose, CA, USA) or on a 

MoFlo Astrios high-speed cell sorting device (Beckman-Coulter, Brea, CA, USA)(103). For scRNAseq, 

only DAPI-negative cells representing live cells were employed. (44, 252). 

4.5. Generation of single-cell gel-bead in emulsions (GEMs) and library preparation 

After sorting, viable cells were immediately put onto a 10X-chromium device (single-cell gene expression 

3'v2/3, 10X Genomics, Pleasanton, CA, USA) to create GEMs. The Biomedical Sequencing Core Facility 

of the Center for Molecular Medicine (CeMM) carried out RNA-sequencing, demultiplexing, and counting 

(CeMM, Vienna, Austria). Illumina's HiSeq 3000/4000 (Illumina, San Diego, CA, USA) was used for the 

sequencing process. with 3 samples per lane, 2 × 75 bp, and paired-end sequencing (44, 252). 

4.6. Cell–gene matrix preparation and downstream analysis 

The Cellranger pipelines were used to process the raw sequencing files (v3/4, 10X Genomics), 

demultiplexed the files and aligned them to the human or mouse reference genome (GrCh38/mm10). 

The Cellranger Count pipeline was then used to count the cell barcodes and unique molecular identifiers 

(UMIs), which generated a gene-barcode matrix. The “Skin” samples were aggregated in the Cellranger 

Aggregate pipeline to create a single gene-barcode matrix for all cells, which served as the basis for 

secondary analysis (44, 252). 

The R-package “Seurat” (v2/3/4, Satija Lab, NYU, New York, USA) was applied for all secondary 

analyses running with R-Studio software in R (The R Foundation, Vienna, Austria). Cells with low or high 

UMI counts or high percentages of mitochondrial genes were removed from the dataset to eliminate 

unwanted variations. The data scaling and principal component analysis, statistically significant principal 

components PCs were extracted using the JackStraw Procedure. The Louvain algorithm was applied for 

clustering, and t-stochastic neighbor embedding (tSNE) or UMAP was used for visualization (44, 252)). 

Cells with very high or low UMI counts (>3000 and <200) were removed to filter out inappropriate 

variations and low-quality cells. The cells from the healthy skin, or scar samples respectively, were 

integrated separately to prevent clusters forming according to donors instead for conditions, and to 

correct for batch-specific variations. Subsequently, the data was double-integrated into a single dataset 

using the suggested workflow by Butler et al. and Stuart et al. For differential gene expression analysis 
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and visualization in violin plots, feature plots, dot plots, and heatmaps across all datasets, normalized 

count were employed. By analyzing the expression of established marker genes, cell types were 

determined To avoid calculating batch effects, differentially expressed genes (DEGs) were calculated 

using normalized count values, which included genes present in the integrated dataset. In non-fibroblast 

clusters (collagens) or non-keratinocyte clusters (keratins), contaminating genes such as keratin and 

collagen genes (COL1A1, COL1A2, COL3A1, KRT1, KRT5, KRT10, KRT14, and KRTDAP) were omitted 

from DEG computation. Additionally, genes (Gm42418, Gm17056, and Gm26917) that caused batch 

effects and technical background noise in mouse scRNAseq were removed from the dataset (44, 

252))(252). 
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