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Individual scientific contributions 
For my thesis I engaged in interdisciplinary research about two similar fibrotic diseases in 

the human body in the field of hand and plastic surgery: I. wound healing and skin scar 

formation and II. genetic determined fibrotic diseases such as Dupuytren`s disease.  

I. Contribution to Article I: Keloids are transcriptionally distinct from 
normal and hypertrophic scars 

I chose to research how skin wound healing and pathological wound healing differs genet-

ically, with comparison of normal scars, hypertrophic scars and keloid scars. Over a period 

of 8 months, I specifically collected and prepared skin scar samples from hand and plastic 

surgeries. I collected 43 normal and pathological skin scar samples after hand and plastic 

surgery in cooperation with PD Dr. med. Elias Volkmer, Prof. Dr. med. Georg Gauglitz (Stu-

dienzentrum Prof. Dr. med. Gauglitz) and Prof. Dr. med. Daniela Hartmann. I was supported 

by PD Dr. rer. nat. Attila Aszódi as head of the musculoskeletal research center (MUM) 

LMU, and Dr. rer. nat. Maximilian Saller as former leader of the research group “molecular 

interactions of neural and musculoskeletal systems” (MUM, LMU). They helped with the 

elaboration of the final study design and introduced me to clinical experts and other re-

search groups, such as the Gene Center Munich LMU which supported the gene sequenc-

ing of the tissue samples used in my research.  

I began my research by experimenting with five different protocols for RNA-Isolation of fi-

brotic tissue. From this, I identified and detected for my research the protocol with the high-

est amount and best quality of RNA for further Bulk-RNA Sequencing 

This step of my research was supported by Marcus Stocks who assisted me with literature 

search and technical implementation support. Martina Burggraf (MUM, LMU) supported this 

research by further RNA-processing and library preparation. Next-generation sequencing 

of 12 normal scar samples, 3 hypertrophic scar samples and 3 keloid scar samples was 

carried out with support of the Gene Center Munich LMU. Dr. rer. nat. Maximilian Saller and 

Elif Akova-Ölken gave support for further complex bioinformatic analysis.  

I wrote Article I independently with revisions by co-authors.1 Marcus Stocks shares first 

authorship in this article thanks to his active support in identifiying the research protocol 

about gene sequencing of fibrotic tissue and by writing the manuscript section “materials 

and methods”.1  

As part of the research project, I created a questionnaire for the affected patients and se-

cured their consent, which includes the anonymous use of photos (Figure 4) and the use of 

skin tissue. I used the programs Microsoft Excel® and R® for analysis and graphic visuali-

zation, for the statistical evaluation of the patients´ questionnaire. I wrote and graphically 
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designed this cumulative thesis, using Biorender® with literature search to create scientific 

illustrations (Figure 1-3). 

II. Contribution to Article II: RNA-seq unravels distinct expression 
profiles of keloids and Dupuytren’s disease 

This second research project explores similarities and differences in gene expression in 

keloid skin scars and Dupuytren´s disease tissue.2 I collected fresh tissue samples after 

surgical removal with support of PD Dr. med. Elias Volkmer, Prof. Dr. med. Hartmann and 

Marcus Stocks. Finally, I collected 3 keloid skin scar samples and Marcus Stocks collected 

3 samples of Dupuytren´s disease tissue. Based on our experiences with different experi-

mental protocols for RNA isolation and next-generation sequencing of scar tissue (Article 

I), I prepared the tissue samples of keloid scars and Dupuytren´s disease similar to our first 

project.1 Martina Burggraf (MUM, LMU) supported this research by further RNA-processing 

and library preparation. My bioinformatic analysis was supplemented by additional data 

about Dupyutren´s disease tissue from Marcus Stocks. Dr. rer. nat. Maximilian Saller and 

Elif Akova-Ölken supported us with evaluation and visualization of our bioinformatic results.  

To get more information about keloid skin scars with their clinical peculiarities and special-

ties in treatment, I exchanged professional information with Prof. Dr. med. Georg Gauglitz, 

a specialist in dermatology and dermatological research (Studienzentrum Prof. Dr. med. 

Gauglitz), as well as PD Dr. Elias Volkmer, a hand surgeon. I wrote most of Article II with 

support from Marcus Stocks for the materials and methods as well as the discussion part.2 

Marcus Stocks developed the idea of expanding our first research project with collecting 

Dupuytren´s disease tissue after hand surgery. Because of Marcus Stocks’ technical and 

content support, the first authorship is shared.2 

As part of the research project, I created a questionnaire for the affected patients and se-

cured their consent, to include the anonymous use of photos (Figure 4) and skin tissue. I 

used the programs Microsoft Excel® and R® for analysis and graphic visualization for the 

statistical evaluation of the patients´ questionnaire. I wrote and graphically designed this 

cumulative thesis, using Biorender® with literature search to create scientific illustrations 

(Figure 1-3). 
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1 Introduction  

1.1 Human skin 

1.1.1 Structure of human skin 

The average middle-aged male with a body weight of 70kg contains on average 30kg 

(43%)3 of muscle mass, 7kg (10%)3 of skeletal mass (excluding bone marrow) and 6.1kg 

(8,7%)3 to 10.5kg (15%)4 of skin with subcutaneous tissue. The skin is the third heaviest 

organ and the organ with the largest surface area in the human body about 1.73 m2.5 De-

pending on the proportion of subcutaneous fat and muscles, the skin can assume larger 

dimensions and adapt to conditions by stretching.  

Microscopically, the skin can be differentiated between cutis, which can be subdivided into 

epidermis and dermis, and subcutaneous tissue (Figure 1A). 4,6,7  

 

Figure 1: Anatomy of human skin 

A illustrates the anatomical subdivision of human skin with cutis and subcutis and the un-

derlaying muscle tissue. B: sublayers of the epidermis. C: anatomical regions of the dermis. 

D: layers of the subcutis. Created with Biorender®.4,6,7 

The epidermis (Figure 1B) is the thinnest layer of the skin. It is a vascular free, outward 

protective skin layer that consists mainly of keratinocytes in various stages of differentiation. 

Depending on the differentiation process of these keratinocytes, five sublayers can be dis-

tinguished.7–9 The epidermis also contains melanocytes, Merkel cells and Langerhans 
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cells.8 The most abundant protein in the epidermis is keratin, a structural protein for cyto-

skeleton in epithelial cells, hair, nails and callused skin.10  

The dermis (Figure 1C) is the middle layer of skin. It is thicker than the epidermis and has 

vasculature and connective tissue.9 Epidermis and dermis are tightly connected through 

dermal-epidermal junctions, which form the basement membrane zone of the skin. This 

zone is characterized by a specific molecular composition and protein interactions.10,11 Two 

sublayers of the dermis can be distinguished: papillary dermis and the deeper reticular der-

mis. The papillary dermis is a thin, collagen and elastin fiber-rich layer of loose connective 

tissue containing fibroblasts, adipocytes, immune cells and nerve endings.4,9 A capillary 

mesh (Plexus superficialis) with small blood vessels, appears to be the transition between 

papillary and reticular dermis.9 The reticular dermis is a dense connective tissue with thick 

collagen fibrils and the surrounding elastic fibers. Due to its firm fibrous structure, the retic-

ular dermis forms the outline of the skin. The reticular dermis anchors skin appendages 

such as hair follicles, sebaceous and sweat glands, and contains lymphatic cells, adipocytes 

and nerves. Bordering the subcutaneous connective tissue, a complex capillary system 

(Plexus profundus) can be found.6,9,12 

The lowest layer of the skin is the subcutaneous connective tissue (also named as subcutis 

or hypodermis), (Figure 1D).7,9,13 In this layer of skin, the loose connective tissue, which is 

made up from collagen fibrils and elastin, is intersected by adipose tissue, epifascial veins 

and nerves.14 For perceiving vibrations, mechanoreceptors called Vater-Pacini corpuscle or 

Pacinian corpuscle are embedded.10  

1.1.2 Function of human skin 

The skin protects the body from environmental influences in several ways. It protects 

against UV radiation through synthesis of melanin, it regulates body temperature through 

transpiration, like sweating, and protects against allergenic agents, chemicals and mechan-

ical irritation. Additionally, the skin performs metabolic functions during vitamin D synthesis 

and has multiple sense organs such as sense of touch and of temperature, as well as of 

nociception.9,14 Due to the skin’s contact with potential pathogens, the skin has several im-

munological functions such as a physical barrier with antimicrobial peptides and lipids, 

which defend the skin while destroying bacterial membranes.15 The normal pH of human 

skin is 5.4-5.9, in order to avoid bacterial infections.16 Several immune cells like Langerhans 

cells, dendritic cells and macrophages reside permanently in the skin.15  
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1.2 Wound healing phases and scar formation 

Due to its permanent contact with potential damaging environmental influences, the skin 

has developed multiple regenerative  functions. Injuries that destroy skin cells and the in-

tegrity of the skin coat trigger the wound healing process. Wound healing is a complex 

biological process designed to stop bleeding, reduce the risk of infections and restore the 

best possible functional condition.17–20 After bleeding and hemostasis, there are three 

wound healing phases (Figure 2): inflammation phase, proliferation phase and remodelling 

phase.18–22  

Wound healing is regulated by multiple factors such as proteins, cytokines, hormones, ox-

ygen levels, bacterial infections and the interactions of different cell types.18,21,23 During 

wound healing, multiple biomolecular factors are differently expressed, either for only one 

wound healing phase or over multiple wound healing phases.19,22 Because there is a smooth 

transition between the wound healing phases, it is difficult to make a strict assignment of 

these molecular regulators to a particular phase.19,20,23,24 (Figure 2). Figure 2 shows the 

expression of selected cell types and proteins within the wound healing phases. These reg-

ulation processes depend on the type of injury, depth and expansion of injury, cell hypoxia, 

dehydration, chronic wound disorders and other patient individual factors, that present with 

pre-existing illness (for example Diabetes mellitus).19,23,25  

 

Figure 2: Wound healing phases 

commencing with injury and hemostasis followed by inflammation phase, proliferation 

phase and remodelling phase. Overlapping expression of cell types and biomolecules. Cre-

ated with Biorender®.19,20,23,24 

 



 Introduction 

 

15

The duration of each wound healing phase in humans is difficult to define as patients 

demonstrate individual temporal variations.  

The inflammation wound healing phase (day 1- 6)26 (Figure 3.1) starts directly after bleeding 

stops, with hemostasis, vasoconstriction and building a thrombocyte aggregation plot with 

fibrin.18,21 Neutrophile granulocytes and lymphocytes immigrate to break down bacteria and 

dead cells.15,18 Monocytes start differentiation to phagocytic macrophages.25 Wound secre-

tion from blood and lymph fluid moisturizes and rinses the wound.  

During the proliferative wound healing phase, macrophages, fibroblasts and keratinocytes 

fill in the wound with granulation tissue (Figure 3.2).21,23,27 Literature documents the duration 

of the proliferation phase as between 4-1426,28 days, expanding up to 4-21 days29. In the 

proliferation phase the re-epithelization and collagen synthesis with ECM remodelling starts. 

To create a new vascular network angiogenesis, with high rates of blood vessels compared 

to uninjured skin, start to ensure the supply of oxygen and nutrients and removal of waste 

products.18,30 The further the healing process of the wound progresses, the more the indi-

vidual wound healing phases overlap, with the aim to close the wound edges and to con-

struct a tissue that comes functionally close to the original uninjured skin.27,29  

While the proliferation phase is active with increased re-epithelization and ECM organiza-

tion, the remodelling phase (Figure 3.3) starts with connective tissue re-organization and 

increased tissue contraction with myofibroblasts.29 The remodelling phase overlaps with the 

proliferative phase and typically starts 14 days after injury.28 Scar formation and tissue re-

modelling can take several months to years.21,28,29  

In uninjured skin, the amount of Collagen-III fibres is greater than the amount of Collagen-I 

fibres, which develop from Collagen-III fibres.31–33 Importantly, the remodelling phase of 

wound healing of injured skin, the rate of changes of collagen fibres from Collagen-III (in-

creased expression during proliferation phase) to Collagen-I, is highly increased in patho-

logical fibrotic processes such as scar formation (Figure 2).31–33 After deep injuries with de-

struction of multiple cell layers, the newly formed collagen fibres are not able to form cross-

links between themselves, which causes reduced elasticity of the newly formed scar tis-

sue.26,31,34 Due to increasing fluid loss, the wound dries out and the tissue begins to contract. 

Additionally, melanocytes are not able to regenerate, and this is followed by hypopigmen-

tation of the new scar.  Histopathologically, scars show a loss of their skin appendages, like 

hair follicles and glandes.24 This remodelling process can take multiple weeks to months, 

and in the case of severe injuries, the tissue can still be restructured years later.18,20,31,34,35 

Ideally, this results in a normal scar (Figure 3.3, Figure 4a) that is white, thin, unobtrusive 

and not painful, without limitations in movement. With the conclusion of re-epithelialization 



 Introduction 

 

16

and formation of the scar tissue, the initial wound healing process is officially finished. Scar 

formation is a complex process and still ongoing.  

 

Figure 3: Demonstration of physiological and pathological skin wound healing 

bleeding and hemostasis. 3.1: inflammation phase. 3.2: proliferation phase. 3.3: remodel-

ling phase with normal skin scar formation. 3.4: hypertrophic scar formation. 3.5: keloid 

scar formation. Created with Biorender®.18,21,23,27,29  

1.3 Wound healing disorders and pathological scar formation 

Complex biological processes can be easily thrown out of balance in each wound healing 

phase. Pathological wound healing with formation of wound healing disorders is an increas-

ingly common problem in healthcare.35,36 Delayed wound healing, especially disturbances 

during the inflammation or proliferative phases, can develop into a chronic wound healing 

disorder which can cause subsequent medical problems.20,26 Genetic conditions and dis-

turbances during the proliferative or remodelling phases with increased expression of in-

flammatory modulators can lead to pathological scar formation. Pathological scars such as 

hypertrophic scars or keloid scars show a disturbed structure of connective tissue (Figure 

3.4, 3.5).20,26,37,38 Wound healing disorders and pathological skin scars have far-reaching 

physical and psychological limitations for patients in daily life.36 Chronic wound disorders 

with non-healing skin wounds are estimated to cost more than $3 billion per year in the 

health care system of the United States.20,39,40  
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1.3.1 Causes and risk factors for pathological wound healing 

Wound healing and scar formation is influenced by multiple individual factors. Most signifi-

cant is the type of injury (cut, burn, contused laceration) and patient genetic variations.35,36 

Other important factors are mechanical tension, infections, early effective medical care, pa-

tient individual genetic factors and pre-illness conditions.26,34,35,40 Circulatory disorders like 

peripheral artery disease and chronic venous insufficiency, diabetes mellitus, polyneuropa-

thy, malnutrition, immunosuppression, smoking and age can cause delayed and pathologi-

cal wound healing. These conditions also create a high risk for developing chronic ulcera-

tions and pathological wound disorders, for example diabetic foot syndrome and patholog-

ical scar formation.17,20,26,40 Pathological skin scars differ from normal scars by changes in 

color, thickness, sublimation and spreading beyond the edges of the wound, which may 

cause aesthetic dissatisfaction and limitation of movement.35,36 Hypertrophic scars and ke-

loid scars show signs of chronic inflammation, excessive angiogenesis and changes in col-

lagen remodelling in the reticular dermis.41 In the context of this multifactorial influenced 

biological process, wound healing is prone to interfere with subsequent pathological final 

results. The presence of comorbidities, genetic variations, the emotional impact and social 

stigma of these scars and limited efficacity of long-acting treatment with disruption of daily 

activities, can make the Treatment of pathological scars complex and challenging.26,35,36 

1.3.2 Included types of pathological skin scars 

Skin scars can be categorized based on their haptics, pigmentation and colouring, spread-

ing and localisation, affect the formation of the scar essentially.35,36 In addition to normal 

and inconspicuous scars, a distinction is made between hypertrophic scars, keloid scars 

and atrophic scars. My research focuses on hypertrophic scars and keloid scars, two fi-

broproliferative disorders,41 and compares them to normal skin scars and fibrotic tissue of 

M. Dupuytren (Figure 4A).  

 

Hypertrophic scars (Figure 4B) often occur after burning, accidents, traumatic surgeries or 

other skin diseases (acne, folliculitis). They are challenged by high tensile and pressure 

loads on the tissue.38,42 These scars often occur in direct temporal relation with wound heal-

ing in the first six months after injury with gradual regression over a period of a few years.35,43 

They show a thick, padded and erythematosus, partially hyperpigmented, scar formation. 

Hypertrophic scars are limited in their expansion to the original wound borders.35,43,44 In 

addition to the aesthetic abnormalities, the patients report pain, dysesthesia and movement 

limitations, followed by an increase of morbidity.44,45 Hypertrophic scars can spontaneously 

regress over time.35,43,44  
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Keloid scars (Figure 4C) mostly have a familiar genetic condition and are more common in 

families with darker skin tone or Asian or African origin.46 For the most part keloid scars 

develop after small traumata, partially superficial skin wounds, insect bites and cut wounds 

including surgical wounds.35,42 The sternum, head, neck area and earlobes are predisposed 

to develop keloid scars.46,43 Usually the differentiation to keloid scars starts several weeks 

to months after finishing the primary wound healing process.44,47 Clinically, keloid scars pre-

sent with over proliferating thick, nodular connective tissue. They often show changes in 

colouring and growth beyond the initial wound borders with partially new splotches of keloid 

tissue in the surrounding area of the initial injury.35,43,44,46 Due to their characteristics spread-

ing, keloid scars are often categorized as benign tumours.47 A lot of patients report touch 

sensitivity and itching.45,46 In contrast to hypertrophic scars, keloid scars show no potential 

for spontaneous regression.35,44  

There are a variety of different treatment options for hypertrophic scars and keloid scars 

which must be discussed with the affected patients.35,41,43  

 

A: Normal skin scar after hand surgery, B: Hypertrophic skin scar, C: Keloid skin scar. 

Figure 4: Normal and pathological skin scars 
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1.3.3 Other fibrotic disorders in human body on the example of 
Dupuytren´s disease 

Regeneration of destroyed tissue is a complex biological processes. The human body works 

to repair damaged tissue with the best results in functionality and in the shortest time. Fi-

brotic processes are part of the normal biological wound healing and scar formation.48,51 

Fibrotic processes are defined by accumulation of extracellular matrix, in particular fibrous 

connective tissue using collagen fibres and glycosaminoglycan.48,49 In and around fibrotic 

tissue, there are high levels of inflammation and different expressed cell types like macro-

phages, fibroblasts, contractile myofibroblasts. Lymphocytes and mast cells can be 

proven.49 During the different wound healing phases and fibrosis development, different 

molecular factors such as cytokines, growth factors and angiogenic factors for example 

TGFB1, PDGF, VEGF, CTGF and IL-13 will be poured out.49,50 In case of normal skin scar-

ring, fibrotic remodelling is a controlled part of wound healing and ends with completion of 

the remodelling phase. Fibrotic processes can also be found in every part of the human 

body, especially after infections in and around the organs (for example lung fibrosis, cardiac 

fibrosis or liver fibrosis) or in fibroproliferative disorders such as Dupuytren´s disease.48,49,52 

Compared to fibrotic normal scarring after skin wound healing, which is limited in expansion, 

fibrotic organ scarring, pathological skin scarring or scarring due to genetic conditions can 

expand. Fibrotic remodelling processes can occur in organs and cause a permanent scar-

ring, organ malfunction and can be life-limiting.48,49  

Dupuytren´s disease is a genetic condition with formation of nodular, fibrotic hardening of 

connective tissue strands mainly concerning the palmar aponeurosis of the hand.52 It affects 

around 8% of the general Western population.52 Untreated patients show an individual 

chronic progression of contraction in bending the fingers. In particular, the palmar side of 

the fingers IV and V are concerned, often in both hands.53 Symptoms include movement 

limitations, pain, and irritations of nerves and vessels. Dupuytren´s disease shows a prev-

alence of 8% worldwide with increased occurrence in Africa (17%) and Asia (15%) com-

pared to Europe (10%) and the United States (2%).54 Men are affected 3-4 times more often 

than women, with increased occurrence over the age of 50.54 There are ectopic manifesta-

tions of this disease known as Morbus Ledderhose and Induratio penis plastica.55,56 Fibrotic 

diseases are influenced by multiple individual genetic factors, age and environmental risk 

factors.53 Conservative as well as operative treatments, may be available depending on 

severity of symptoms and progression of the disease.  
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2 Research project: Transcriptional Analysis of Normal and 
Pathological Scars 

In 2018, I began to think about research topics that involve interdisciplinary molecular re-

search about a central medical problem widespread in the population. With the support of 

PD Dr.rer.nat. Attila Aszodi, Dr.rer.nat. Maxmilian Saller and PD Dr.med. Elias Volkmer, I 

decided to focus on the broad field of wound healing disorders with focus on scar formation 

and fibrotic processes in the field of hand and plastic surgery.  

2.1 Construction and main goals of the research project 

To gain basic theoretical content, I engaged in an immense literature search about molec-

ular pathways in burn wound healing and did so in cooperation with Dr. rer. nat. Maximilian 

Saller.38 Burn wound healing often results in hypertrophic scar formation with longtime phys-

ical and psychological restrictions for patients concerned.57 This research led to our creation 

of the first interactive map for visualization of molecular interactions during burn wound 

healing with assignment to wound healing phases. This is available on Wikipathways, with 

worldwide open-free access. We also created interactive illustrations about molecular play-

ers and their known interactions during burn wound healing in mammals, separated for four 

species: Homo sapiens, Mus musculus, Rattus norvegicus and Sus scofa (Attachment A). 

We merged our results and visualized them via Cytoscape. This interactive map shows the 

current state of known molecular interactions during burn wound healing with assignment 

to wound healing phases and gives new starting points for further research (Attachment A). 

Additionally, we identified important gene hallmarks during burn wound healing. Our final 

results are published as a systematic review (Attachment A).38  

Next, for the experimental part of this research project, I collected normal and pathological 

skin scar samples during hand surgeries. Scar tissue belongs to fibrotic tissue in the human 

body. We decided to expand our research project and started a cooperation with Marcus 

Stocks to include Dupuytren´s disease tissue as another type of fibrotic tissue in the field of 

hand surgery. The next step was the establishment of an experimental protocol for RNA 

isolation of scar tissue. For this purpose, I conducted a series of five different experimental 

protocols to process fresh fibrotic tissue. For better results, I started the preparation of tissue 

directly on site in the operating room. The protocols varied with the size of tissue samples, 

storage liquids and ambient temperature. In the laboratory, the RNA isolation was carried 

out with the support of Martina Burggraf and was checked for quality using the Bioanalyzer 

at the Gene Centre Munich LMU. The fibrotic tissue samples with the highest RNA-Integrity 

number (RIN) were included for library preparation and next-generation sequencing. The 

data was then bioinformatically evaluated and proceeded graphically to present gene 
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expression differences between the included different fibrotic tissues.1,2 This step was sup-

ported by Elif Akova-Ölken. As part of the doctoral project, I fulfilled all the mandatory re-

quirements of the Munich Medical Research School.  

2.2 Research questions, hypothesis and aims of the studies 

Fibrotic tissue is characterized by chronic inflammation processes and changes in histolog-

ical composition of connective tissue with, among other things, changes in types of collagen 

fibres, numbers of fibroblasts and contractile myofibroblasts, without the occurrence of hair 

appendages such as hair follicles and glades.48,58 During wound healing and scar formation, 

the type of produced collagen changes.59 In uninjured skin, the amount of Collagen-III fibres 

is higher than Collagen-I fibres.31 In the proliferation phase, the synthesis of Collagen-III is 

a major extracellular matrix component in different organs, particularly in skin.59,60 During 

the remodelling phase of wound healing, the amount of Collagen-III decreases and the syn-

thesis of Collagen-I is greatly increases, especially in pathological fibrotic processes (Figure 

2).31,59 Collagen-I occurs, for example, in bones, fibrocartilage and tight connective tissue 

such as fascia.61,62 The ratio of Collagen-I to Collagen-III in normal scars is 6:1, while keloid 

scars show a ratio of 17:1.44,47 These histological findings can be reconciled with the clinical 

characteristics of keloids. The collagen synthesis in keloids is three times higher than in 

hypertrophic scars.43 To get additional transcriptional data next to known histological 

knowledge about fibrotic tissue, we performed next-generation sequencing with subsequent 

bioinformatic analysis. With the help of bioinformatic data sets and freely available 

DESeq1data sets, we were able to uncover potential gene expression differences between 

normal, hypertrophic and keloid skin scars as well as between keloid scars and Dupuytren´s 

tissue.  

2.2.1 Article I: Keloids are transcriptionally distinct from normal and 
hypertrophic scars 

Based on our first systematic review about molecular interactions during burn wound heal-

ing with subsequent hypertrophic scarring38, we designed an experimental set-up to un-

cover gene expression similarities and differences. This included visualization of potential 

clustering between normal scar samples, hypertrophic scar samples and keloid scar sam-

ples of human skin.1  

We hypothesized that normal scars, hypertrophic scars and keloid scars show different 

gene expression profiles in Bulk-RNA sequencing.  

As part of the project, I collected 37 normal skin scar samples, 3 keloid skin scar samples 

and 3 hypertrophic skin scar samples during hand surgeries. After implementing the 
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experimental protocol for RNA-Isolation of fibrotic scar tissue and performing the next-gen-

eration sequencing, a bioinformatical analysis was performed.   

To identify and visualize the gene expression differences with potential clustering between 

different skin scars, an LDA-Analysis and Venn diagrams were created. Additionally, the 

top ten differentially expressed genes and MA plots of different scar types in comparison 

were designed. Finally, we created a heatmap of the top 50 expressed genes sorted by scar 

type, to visualize potential common clustering. To figure out the connections between gene 

expression and regulation of biological pathways, a Gene-Ontology (GO) pathway analysis 

for keloid scars was performed. This gained molecular genetic knowledge can be used for 

verification of clinical classification of these pathological scar types. 

2.2.2 Article II: RNA-seq unravels distinct expression profiles of keloids 
and Dupuytren’s disease 

In our second study, we compared gene expression profiles of keloid skin scar samples to 

Dupuytren´s tissue after hand surgery.2 Both fibrotic diseases show clinical similarities such 

as tough, hard and inelastic scar tissue which can restrict movement and use of the 

hand.43,52,54 Both fibrotic conditions show a potential chronic progression with accompanied 

sensory disturbances and increased aesthetic dissatisfactions.  

Due to their clinical and microscopic similarities, we hypothesize that keloid scars and 

Dupuytren´s disease show similar gene expression profiles in Bulk-RNA sequencing. Dur-

ing hand surgeries, we collected 3 keloid skin scar samples and 10 Dupuytren´s disease 

tissue samples in collaboration with Marcus Stocks. We sought to provide a bioinformatical 

analysis of gene expression differences between the two types of tissue and create different 

figures for visualization of potential molecular connections. We first performed a principal 

component analysis using regularized DESeq2 data, Venn diagram and Ma plots. The top 

100 differentially expressed genes in Keloid scar tissue and Dupuytren´s disease tissue 

were displayed in a heatmap. We also identified the top ten most important genes per dis-

ease which appear to be of central importance in disease development. This may provide 

useful starting points for the development of new therapeutic agents. For visualization and 

networking of protein-protein-interactions (PPI), a PPI network analysis of DEGs was car-

ried out. Our goal was to reveal some important protein interactions in the pathogenesis of 

Dupuytren’s disease and keloid formation. To better understand the regulation of biological 

processes during fibrotic tissue development, we used bioinformatical data to construct a 

GO pathway analysis as well as a KEGG pathway analysis of upregulated and downregu-

lated biological processes.  
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5 Summary 
Wound healing and scar formation is a complex biological process that takes place count-

less times during life. The regeneration of tissue is the ability of the human body to adapt to 

the environment and to damage, such as injuries. The human skin is the biggest organ with 

the greatest exposure to potentially harmful environmental influences.5 Depending on 

causes and individual risk factors, the tissue may not be able to recover and restore its 

original condition.19,23,25 Wound healing disorders and pathological scar formations are 

widespread in human beings and a challenge for health care systems.35,36,40  

Due to its histological and clinical characteristics, scar tissue develops within the framework 

of the fibrotic remodelling processes in the connective tissue.48,49 Fibrotic processes can 

affect different tissues and organs in the body. This project includes skin scar formation with 

normal skin scars, hypertrophic skin scars and keloid skin scars as well as Dupuytren´s scar 

tissue. As a thematic introduction to hypertrophic scar formation, we conducted a systematic 

review about molecular interactions during burn wound healing and their assignment to 

wound healing phases (Article III, Attachment A).38 Our visual created molecular network 

was published online as an interactive illustration with open-free access.  

In this research project, fresh scar tissue samples and Dupuytren´s disease tissue samples 

were collected during hand surgeries on site in the operating room. In the experimental part, 

RNA was isolated followed by library preparation and next-generation sequencing with sub-

sequent bioinformatical procession and evaluation. We hypothesized that normal scars, hy-

pertrophic scars and keloid scars show different gene expression profiles in Bulk-RNA se-

quencing (Article I).1 Our results demonstrate that normal skin scars and hypertrophic skin 

scars show an overlapping clustering in LDA-Analysis and a common expression of 8 up-

regulated genes as well as 9 downregulated genes in Venn diagram. Keloid scars represent 

an independent group without clustering with normal or hypertrophic scars. There are no 

shared expressed genes in keloid scars and hypertrophic scars.  

In Summary, normal scars and hypertrophic scars are much more similar to each other on 

a transcriptional level than to keloid scars. This leads us to conclude that keloid scars do 

not evolve from hypertrophic scars. Despite different gene expression profiles of hyper-

trophic scars and keloid scars, the guidelines for the treatment of pathological scars of the 

German Society for Dermatology mention similar therapeutic pathways for both types of 

scars.63 There exist a variety of therapeutic options for pathological scars, including con-

servative topical applications, surgical corrections, laser therapy, cryosurgery, compression 

treatments, microneedling and infiltration treatments.63 The success of these therapies de-

pends, at least in part, on the underlying pathological scar type. Importantly, several clinical 

and case studies describe an increased risk of recurrence of keloid scars after surgical 
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excision, compared to hypertrophic scars.45,64 Differences in gene expression profiles are a 

possible explanation for different rates of success with regards to the therapy of those scars.  

In the second part of this research project, gene expression profiles of keloid scars and 

Dupuytren´s disease tissue were compared (Article II).2 Although they show several clinical 

and microscopic similarities, there is no shared significant gene expression or overlapping 

clustering in principal component analysis or Venn diagram. After we identified the top 10 

expressed genes sorted by type of tissue which can be important for development of path-

ogenesis. We performed a protein-protein network and visualized protein interactions using 

Cytoscape. These results, with the identification of potentially pathogenic important genes, 

may influence further research of treatment options for affected patients.  

It may be possible to extend our project to other fibroproliferative disorders in future re-

search projects with a larger sample size of pathological scars and other types of fibrotic 

tissue. Additionally, a future research approach could focus on technical improvements of 

RNA isolation from fibrotic tissues. RNA isolation of fibrotic tissues poses a challenge due 

to their increased amount of connective tissue and their decreased cell counts. Finally, our 

bioinformatical analysis is based on results from Bulk-RNA sequencing. It would be partic-

ularly interesting to use Single-Cell-RNA sequencing to obtain detailed information about 

cell types in fibrotic tissue and their gene expression profiles. In summary, this research 

project highlights multiple new starting points for further fundamental biomolecular research 

as well as the development of new therapeutic options. 
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6 Zusammenfassung 
Die Wundheilung und Narbenbildung ist ein komplexer biologischer Prozess, der im Laufe 

des Lebens unzählige Male abläuft. Die Regeneration von Gewebe ist eine besondere Fä-

higkeit des menschlichen Körpers, sich an Umwelteinflüsse und äußerliche Verletzungen 

anzupassen. Die Haut ist das größte Organ des menschlichen Körpers und durch den di-

rekten Kontakt zur Umwelt, häufig schädlichen Umwelteinflüssen ausgesetzt.5 Je nach Ur-

sachen und individuellen Risikofaktoren ist das Gewebe nicht in der Lage, sich zu erholen 

und den ursprünglichen Zustand wiederherzustellen.19,23,25 Wundheilungsstörungen und 

pathologische Narbenbildungen sind in der Bevölkerung weit verbreitet und stellen durch 

ihre Tendenz zu Chronifizierungen und ungünstigen Verläufen eine Herausforderung für 

das Gesundheitssystem dar.48,49 Aufgrund ihrer histologischen und klinischen Merkmale 

entsteht Narbengewebe im Rahmen eines fibrotischen Umbauprozesses des Bindegewe-

bes. Fibrotische Prozesse können verschiedene Gewebe und Organe im Körper betreffen. 

Dieses Forschungsprojekt befasst sich mit der Narbenbildung der Haut, insbesondere mit 

physiologisch unauffälligen Hautnarben, hypertrophen Hautnarben und Keloiden der Hand 

sowie Gewebe von Morbus Dupuytren. Als thematischen Einstieg in die hypertrophe Nar-

benbildung haben wir eine umfangreiches Systematic Review über molekulare Interaktio-

nen bei Wundheilung nach Verbrennungsverletzungen mit Zuordnung von transkriptionel-

len Prozessen zu Wundheilungsphasen erstellt (Artikel III, Anhang A).38 Unser visuell er-

stelltes molekulares Netzwerk wurde online als interaktive Illustration mit kostenfreiem, öf-

fentlichem Zugang veröffentlicht.  

In diesem Forschungsprojekt wurden mehrere frische Gewebestücke von Narbengeweben 

und Morbus Dupuytren-Gewebeproben während einer handchirurgischen Operation vor Ort 

im Operationssaal entnommen und verarbeitet. Im experimentellen Teil wurde RNA isoliert 

und verarbeitet, sowie die Daten anschließend bioinformatisch verarbeitet und analysiert. 

Grundlage der Forschungsarbeit war die Hypothese, dass normale Narben, hypertrophe 

Narben und Keloide bei der Bulk-RNA Sequenzierung unterschiedliche Genexpressions-

profile aufweisen würden (Artikel I).1 Unsere Ergebnisse zeigen, dass normale Hautnarben 

und hypertrophe Hautnarben in der LDA-Analyse ein überlappendes Clustering und eine 

gemeinsame Expression von 8 hochregulierten Genen und 9 herunterregulierten Genen im 

Venn-Diagramm aufweisen. Keloide stellen eine unabhängige Gruppe dar, die nicht mit 

normalen oder hypertrophen Narben auf Basis ihrer Genexpression clustern. Es gibt keine 

gemeinsam exprimierten Gene in Keloiden und hypertrophen Narben. Zusammenfassend 

lässt sich sagen, dass normale Narben und hypertrophe Narben einander auf der Tran-

skriptionsebene ähnlicher sind als Keloide. Basierend auf diesen wissenschaftlichen 
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Erkenntnissen über die Genexpressionsprofile dieser pathologischen Narbentypen, entwi-

ckeln sich Keloide nicht aus hypertrophen Narben.  

In den Leitlinien zur Behandlung pathologischer Narben der Deutschen Gesellschaft für 

Dermatologie63 werden für hypertrophen Narben und Keloide ähnliche Therapiepfade ge-

nannt, trotz unterschiedlicher molekularbiologischer Genexpressionsprofilen. Es werden 

eine Vielzahl von Therapieoptionen für pathologische Narben genannt, darunter konserva-

tive topische Anwendungen, chirurgische Korrekturen, Lasertherapie, Kryochirurgie, Kom-

pressionsbehandlungen, Microneedling und Infiltrationsbehandlungen.63 Der Therapieer-

folg der einzelnen Behandlungsoptionen hängt zudem vom zugrunde liegenden pathologi-

schen Narbentyp ab. Mehrere klinische Studien und Fallstudien beschreiben ein erhöhtes 

Rezidivrisiko von Keloiden nach chirurgischer Exzision im Vergleich zu hypertrophen Nar-

ben.45,64 Unterschiede in den Genexpressionsprofilen werden als mögliche Erklärung für die 

unterschiedlichen Therapieerfolge von hypertrophen Narben und Keloiden diskutiert. Diese 

Erkenntnisse bilden die Grundlage für die Entwicklung zukünftiger klinischer Behand-

lungsoptionen auf der Basis von Genexpressionsprofilen einzelner Narbentypen.  

Im zweiten Teil dieses Forschungsprojekts wurden die Genexpressionsprofile von Keloiden 

und Morbus Dupuytren-Gewebe verglichen (Artikel II).2 Obwohl sie mehrere klinische und 

mikroskopische Ähnlichkeiten aufweisen, gibt es keine gemeinsame signifikante Genex-

pression oder überlappende Clusterbildung in der Hauptkomponentenanalyse oder im 

Venn-Diagramm. Nach der Identifizierung der Top 10 am stärksten exprimierten Gene, sor-

tiert nach Gewebetyp, die für die Entwicklung der Pathogenese wichtig sein können, wurde 

ein Protein-Protein-Interaktionsnetzwerk erstellt, das mit Cytoscape visualisiert wurde. 

Diese Ergebnisse mit Identifizierung potenzieller pathogener molekularer Schlüsselstellen, 

bilden die Grundlage für zukünftige Forschungsprojekte mit Schwerpunkt auf Behandlungs-

möglichkeiten pathologischer Narbenbildungen und fibrotischer Erkrankungen für be-

troffene Patienten. 

In zukünftigen Studien wären weitere Forschungsprojekte mit einer größeren Stichproben-

anzahl von Narben und anderen fibrotischen Geweben denkbar, um unser Projekt auf wei-

tere fibroproliferative Erkrankungen auszuweiten. Zusätzlich könnten technische Verbesse-

rungen der RNA-Gewinnung aus fibrotischen Geweben ein zukünftiger Forschungsansatz 

darstellen. Fibrotische Gewebe stellen aufgrund ihres hohen Anteils an Bindegewebe und 

ihrer geringeren Zellzahl eine technische Herausforderung dar. Unsere bioinformatische 

Auswertung basiert auf den Ergebnissen der Bulk-RNA Sequenzierung. Daher wäre es be-

sonders interessant, die Single-Cell-RNA Sequenzierung einzusetzen, um detaillierte Infor-

mationen über Zelltypen in fibrotischem Gewebe und deren Genexpressionsprofile zu er-

halten. Zusammenfassend lässt sich sagen, dass dieses Forschungsprojekt zahlreiche 
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neue Ansatzpunkte für die weitere biomolekulare Grundlagenforschung sowie für die Ent-

wicklung neuer therapeutischer Optionen bietet.  
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