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Abstract 

 

Keloids are benign overgrowths of fibrotic scar tissue that can occur after an injury to the skin. 

They are characterised by excessive fibroblast proliferation, extracellular matrix (ECM) 

formation and invasion into the adjacent normal skin. Mesenchymal cells, in particular 

fibroblasts, are thought to be the primary cellular mediators in keloid scar formation. However, 

mesenchymal cells are highly heterogeneous, and to date, the distinct mesenchymal cell 

subsets involved in keloid scarring remain to be determined. Therefore, we sought to identify 

and characterise different mesenchymal cell populations both in healthy human dermis and in 

keloid pathogenesis. 

A 15-colour flow cytometry panel was developed to analyse the mesenchymal cell populations 

directly from ex vivo human skin and keloid tissue. We identified a novel population of CD26+ 

FAP+ fibroblasts present in both normal skin and in keloid scars, as well as a small population 

of CD271+ mesenchymal cells, which is previously undescribed in keloid lesions. Multicolour 

immunofluorescence microscopy revealed that CD26+ FAP+ fibroblasts are the main cell 

population within keloid scars, while the CD271+ mesenchymal cell population is located in 

the perivascular space surrounding CD146+ pericytes. 

RNA sequencing on uncultured FACS sorted CD26+ FAP+ fibroblasts from healthy human 

skin and keloid scar has revealed substantial differences in the gene expression profiles 

between the healthy and pathological state of CD26+ FAP+ fibroblasts including striking 

upregulation of ECM genes, matrix metalloproteinases, and altered expression of Wnt 

signalling pathway components in keloid scarring. RNA sequencing of isolated CD271+ cells 

from keloid scar exposed expression of genes typical of perivascular cells, such as the genes 

for the vascular basement membrane, as well as chemokines and chemokine receptors 

associated with angiogenesis and cell recruitment. 

While this study revealed significant differences between uncultured fibroblasts, we also 

provide evidence for the striking similarity of cultured keloid and healthy dermal fibroblast lines. 

These fibroblasts lines have almost identical cell surface marker expression and have highly 

similar gene expression profiles. Furthermore, functional in vitro assays revealed that most 

keloid characteristics were lost in culture and only the increased invasiveness of keloid 

fibroblasts remained in vitro. 

Finally, we identified the transcription factor TWIST as a potential new mediator in keloid 

pathogenesis by multicolour immunofluorescence microscopy. Furthermore, we have shown 
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elevated expression of the TWIST downstream target BMI1 as well as the potential TWIST 

upstream inducer β-catenin, which indicates a potential role of a TWIST pathway in keloid 

scarring. 

In conclusion, this is the first study to isolate and investigate mesenchymal cell subsets from 

fresh human skin and keloid tissue in contrast to previous work using whole tissue or cultured 

fibroblasts. This enabled the identification of a novel CD26+ FAP+ fibroblast population as a 

major cellular contributor to the excessive ECM deposition in keloid scarring and a CD271+ 

perivascular cell population in keloid scarring. Furthermore, this work also highlights the 

limitations of previous in vitro studies of keloid scarring by revealing the striking similarities of 

cultured cell lines. Overall, insight into the phenotypes, localisation and functions of 

mesenchymal cell populations in healthy human dermis and in keloid scarring may ultimately 

lead to more targeted therapeutic strategies for keloid scarring.  

  



 

v 
 

Dedication 

To Harris, for your unwavering support, patience and love on this journey. 

  



 

vi 
 

Acknowledgements 

 

I would like to thank the William and Lois Manchester Trust and the University of Auckland for 

their financial support of this work.  I would also like to thank the surgeons and nurses at 

Middlemore hospital for their collaboration with obtaining tissue samples for this study as well 

as the tissue donors without whom this project would not have been possible. 

In particular, I would like to thank my supervisor Professor Rod Dunbar for giving me the 

opportunity to undertake this research in his lab, and his continuous support, direction and 

encouragement throughout my PhD. 

I also want to express my sincere gratitude to my great team of co-supervisors Dr Vaughan 

Feisst, Dr Michelle Locke and Dr Anna Brooks for sharing their expertise and for all their 

experimental support, helpful advice and feedback. 

Very special thanks to Dr Klaus Lehnert for all his support, knowledge and guidance with the 

RNA sequencing. 

I would also like to thank all the members of the Dunbar lab. To Jennifer Chen, thanks for all 

your help with immunofluorescence microscopy. To John, thank you for your technical support 

with the Aria. In particular, I would like to thank Elliott, Elyce, Alicia, Inken, Jennifer and Joanna 

for their friendship, advice and helpful discussions on- and off-topic during my PhD. I could 

not have done this without you. 

Lastly, I owe my deepest gratitude to Harris, my family and friends for their endless support, 

love and belief in me. 

  



 

vii 
 

Table of Contents 

 

Abstract .............................................................................................................................. iii 

Dedication ........................................................................................................................... v 

Acknowledgements ........................................................................................................... vi 

Table of Contents ............................................................................................................. vii 

List of Figures .................................................................................................................... xi 

List of Tables.................................................................................................................... xiv 

Abbreviations ................................................................................................................... xvi 

 Introduction ...................................................................................................... 1 

1.1. Skin morphology ......................................................................................................... 1 

1.2. Wound healing and skin regeneration ........................................................................ 3 

1.2.1 Wound healing ...................................................................................................... 3 

1.2.2 Inflammation ......................................................................................................... 3 

1.2.3 Proliferation ........................................................................................................... 4 

1.2.4 Maturation/ Remodelling ....................................................................................... 4 

1.3. Scarring ...................................................................................................................... 6 

1.3.1 Cutaneous scar types ........................................................................................... 6 

1.3.2 Fetal skin regeneration.......................................................................................... 7 

1.3.3 Impaired wound healing and scarring .................................................................... 7 

1.4. Keloid scars ................................................................................................................ 8 

1.4.1 Clinical and histological characteristics of keloids ................................................. 8 

1.4.2 Keloid genetics ................................................................................................... 10 

1.4.3 Treatment of keloid scars .................................................................................... 12 

1.4.4 Keloid models ..................................................................................................... 13 

1.5. Cellular players in keloid pathogenesis ..................................................................... 18 

1.5.1 Mesenchymal stem cells ..................................................................................... 18 

1.5.2 Keloid stem cells ................................................................................................. 20 

1.5.3 Fibroblasts .......................................................................................................... 21 

1.5.4 Altered fibroblast behaviour in keloid scars ......................................................... 23 

1.5.5 Myofibroblasts ..................................................................................................... 28 

1.5.6 Myofibroblasts in keloid pathogenesis ................................................................. 29 



 

viii 
 

1.5.7 Pericytes ............................................................................................................. 30 

1.5.8 Pericytes in keloid scarring .................................................................................. 31 

1.5.9 Immune cells ....................................................................................................... 31 

1.5.10 Immune cell infiltrates in keloid scarring ............................................................ 32 

1.6. Conclusion ................................................................................................................ 35 

1.7. Research aims .......................................................................................................... 36 

 Material and methods ..................................................................................... 37 

2.1. Materials ................................................................................................................... 37 

2.1.1 Buffers and solutions ........................................................................................... 37 

2.1.2 Culture media, cell maintenance and cryopreservation ....................................... 37 

2.2. Skin and scar tissue samples .................................................................................... 39 

2.2.1 Normal skin, normal scar and keloid scar tissue .................................................. 39 

2.3. Tissue processing and cell culture ............................................................................ 43 

2.3.1 Single cell-suspensions for flow cytometry and cell culture .................................. 43 

2.3.2 Generation of dermal fibroblast cell lines ............................................................. 43 

2.4. Multicolour immunofluorescence microscopy ............................................................ 44 

2.4.1 Immunohistochemistry of frozen skin and scar sections ...................................... 44 

2.4.2 Multi-colour immunocytochemistry (ICC) ............................................................. 46 

2.5. Multicolour flow cytometry ......................................................................................... 47 

2.5.1 Cell surface staining of dermal cells .................................................................... 47 

2.5.2 Live cell sorting using FACS ................................................................................ 50 

2.5.3 Flow cytometry data acquisition and analysis ...................................................... 50 

2.6. RNA sequencing ....................................................................................................... 51 

2.6.1 RNA extraction .................................................................................................... 51 

2.6.2 Assessment of RNA quantity ............................................................................... 51 

2.6.3 Validation of RNA quality ..................................................................................... 52 

2.6.4 Library preparation and sequencing .................................................................... 53 

2.6.5 RNA sequencing data processing ....................................................................... 53 

2.6.6 Differential gene expression analysis .................................................................. 54 

2.6.7 Gene enrichment analysis using DAVID .............................................................. 55 

2.6.8 Ingenuity pathway analysis (IPA) ......................................................................... 55 

2.7. Functional assays ..................................................................................................... 56 

2.7.1 xCELLigence real-time cell analysis .................................................................... 56 



 

ix 
 

2.7.2 In vitro migration assay ....................................................................................... 56 

2.7.3 In vitro invasion assay ......................................................................................... 57 

2.7.4 In vitro TWIST1 expression experiments ............................................................. 58 

 Method development:  Optimisation of a multicolour flow cytometry panel 

for the analysis of mesenchymal cells in human dermis ............................................... 59 

3.1. Introduction .............................................................................................................. 59 

3.1.1 Background to flow cytometry ............................................................................. 59 

3.2. Flow cytometry antibody panel development for the analysis of mesenchymal cell 

subsets in human dermis................................................................................................. 62 

3.2.1 Artefact removal from flow cytometry data .......................................................... 62 

3.2.2 Antibody titrations ............................................................................................... 63 

3.2.3 Compensation controls ....................................................................................... 67 

3.2.4 Auto-fluorescence controls .................................................................................. 69 

3.2.5 BD Horizon Brilliant™ Stain Buffer optimisation .................................................. 71 

3.2.6 Multicolour flow cytometry antibody panel optimisation ....................................... 72 

3.2.7 Fluorescence minus one controls ........................................................................ 79 

3.3. Conclusion ............................................................................................................... 81 

 Characterisation of mesenchymal cell populations in human dermis and 

keloid scars ....................................................................................................................... 82 

4.1. Introduction .............................................................................................................. 82 

4.2. Methods ................................................................................................................... 83 

4.3. Results ..................................................................................................................... 84 

4.3.1 Identifying distinct cell populations in human dermis and keloid tissue ................ 84 

4.3.2 Increase of CD271+ cells in keloid scars ............................................................. 85 

4.3.3 CD26+ FAP+ fibroblasts ..................................................................................... 92 

4.3.4 Endothelial cell populations in human dermis and keloid scar ............................. 99 

4.3.5 Cultured fibroblast cell lines .............................................................................. 109 

4.4. Discussion .............................................................................................................. 123 

4.4.1 CD271+ mesenchymal cells .............................................................................. 123 

4.4.2 CD26+ FAP+ fibroblasts ................................................................................... 125 

4.4.3 Endothelial cell subsets ..................................................................................... 128 

4.4.4 Primary fibroblast cell lines ............................................................................... 129 

 Transcriptional analysis of mesenchymal cell populations and fibroblasts 

isolated from human dermis and keloid scars ............................................................. 132 



 

x 
 

5.1. Introduction ............................................................................................................. 132 

5.2. Methods .................................................................................................................. 134 

5.3. Results ................................................................................................................... 135 

5.3.1 RNA isolation of sorted cell populations ............................................................ 135 

5.3.2 Transcriptional analysis of CD26+ FAP+ fibroblasts in healthy human dermis and 
keloid scars ................................................................................................................ 137 

5.3.3 Transcriptomics of CD271+ mesenchymal cells in keloid scars ......................... 148 

5.3.4 Transcriptomics of cultured fibroblasts from skin and keloid scars ..................... 155 

5.4. Discussion .............................................................................................................. 165 

5.4.1 CD26+ FAP+ upregulate ECM associated genes in keloid scarring .................. 165 

5.4.2 CD271+ cells may promote angiogenesis and leukocyte recruitment ................ 170 

5.4.3 Transcriptomes from keloid and normal skin fibroblasts are similar in vitro ........ 171 

 Expression of TWIST1 and related proteins by fibroblasts within human 

keloid scars ..................................................................................................................... 174 

6.1. Introduction ............................................................................................................. 174 

6.2. Methods .................................................................................................................. 176 

6.3. Results ................................................................................................................... 177 

6.3.1 Expression of TWIST1 and related proteins in keloid tissue .............................. 177 

6.3.2 TWIST1 expression in primary skin and keloid fibroblasts in vitro ...................... 183 

6.4. Discussion .............................................................................................................. 193 

 Discussion ..................................................................................................... 198 

7.1. Mesenchymal cellular players in keloid pathogenesis ............................................. 199 

7.2. Transcription factor TWIST1 is a potential new driver in keloid formation ................ 205 

7.3. Limitations of in vitro studies of keloid scarring ....................................................... 206 

7.4. Strengths and limitations ......................................................................................... 208 

7.5. Future directions ..................................................................................................... 210 

7.6. Conclusion .............................................................................................................. 211 

References ....................................................................................................................... 212 

 



 

xi 
 

List of Figures 

 

Figure 1-1: Anatomy of the human skin................................................................................. 2 

Figure 1-2: Schematic of the wound healing phases. ............................................................ 3 

Figure 1-3: Molecular and cellular reactions to cutaneous wound healing. ............................ 5 

Figure 1-4: Different origins of myofibroblasts ..................................................................... 29 

Figure 3-1: Exemplary gating strategy to remove artefacts from flow cytometry data. ......... 63 

Figure 3-2: Exemplary antibody titration of CD45 – BV650 ................................................. 64 

Figure 3-3: CD105 – PE-Cy7 titration using multicolour panel. ............................................ 66 

Figure 3-4: Stain index of CD105 – PE-Cy7 titration gated on CD45- HLA-DR+ cells. ........ 66 

Figure 3-5: Comparison of beads and cells as compensation controls. ............................... 68 

Figure 3-6: Autofluorescence in the PerCP-Cy5.5 channel. ................................................ 70 

Figure 3-7: BD Horizon Brilliant™ Stain Buffer titration. ...................................................... 71 

Figure 3-8: BD Horizon Brilliant™ Stain Buffer affecting channels other than brilliant violets 

such as APC-Cy7. .............................................................................................................. 72 

Figure 3-9: Comparison of CD26 staining in APC and FITC channels. ............................... 74 

Figure 3-10: Identification of lymphatic and blood endothelial cell subsets. ......................... 75 

Figure 3-11: CD31 expression on PBMC with and without collagenase and dispase 

treatment. ........................................................................................................................... 75 

Figure 3-12: Comparison between different CD36 antibodies. ............................................ 77 

Figure 3-13: Examples of Fluorescence minus one controls of the finalised panel. ............. 80 

Figure 4-1: Identification of distinct cell subsets in human dermis and keloid tissue ............ 85 

Figure 4-2: Increased percentage of CD271+ mesenchymal cells in keloid scars. .............. 86 

Figure 4-3: Surface marker expression of CD271+ mesenchymal cells. ............................. 87 

Figure 4-4: Increased expression of FAP in CD271+ mesenchymal cells in keloid scars. ... 88 

Figure 4-5: Localisation of CD271+ cells in the perivascular space. .................................... 90 

Figure 4-6: ki67 and αSMA expression of CD271+ cells. .................................................... 91 

Figure 4-7: Characterisation of CD26+ FAP+ cells in healthy dermis and keloid scar. ........ 93 

Figure 4-8: Comparison of MFIs of multiple markers between CD26+ FAP+ cells in healthy 

dermis and keloid scar. ....................................................................................................... 94 

Figure 4-9: Identification of CD26+ CD90+ fibroblasts in situ. ............................................. 95 

Figure 4-10: CD26+ FAP+ fibroblasts in keloid scars, normal scars and normal skin in situ. 96 

Figure 4-11: Expression of FAP, CD90 and CD34 by fibroblasts in situ. ............................. 97 



 

xii 
 

Figure 4-12: Surface marker expression of blood and lymphatic endothelial cell subsets in 

human dermis. .................................................................................................................. 100 

Figure 4-13: Surface marker expression of blood and lymphatic endothelial cell subsets in 

keloid scars. ...................................................................................................................... 101 

Figure 4-14: Altered expression of CD73, CD31 and CD146 in keloid BECs. .................... 102 

Figure 4-15: Decreased expression of CD26, CD36 and CD105 in LECs from keloid scars.

 .......................................................................................................................................... 103 

Figure 4-16: Identification of BECs and CD146+ αSMA+ pericytes. .................................. 105 

Figure 4-17: CD31 staining of LECs and BECs in situ. ...................................................... 106 

Figure 4-18: CD26 expression in LECs. ............................................................................ 107 

Figure 4-19: CD36 expression in LECs. ............................................................................ 108 

Figure 4-20: Gating strategy to remove artefacts from flow cytometry data of cultured 

fibroblasts. ......................................................................................................................... 109 

Figure 4-21: Marker expression of skin and keloid fibroblasts cultured in DF10. ................ 110 

Figure 4-22: CD271+ cells in skin and keloid cell cultures. ................................................ 111 

Figure 4-23: Marker expression of skin fibroblasts cultured in DF10 and D0. .................... 112 

Figure 4-24 Marker expression of keloid fibroblasts cultured in DF10 and D0. .................. 113 

Figure 4-25: Real-time cell analysis of keloid and normal skin fibroblasts in vitro. ............. 115 

Figure 4-26: Scratch wound cell migration assay using IncuCyte ZOOM. .......................... 116 

Figure 4-27: Fibroblasts migration on collagen coating. ..................................................... 118 

Figure 4-28: Quantification of fibroblasts migration on collagen coating. ........................... 119 

Figure 4-29: Collagen invasion assay using IncuCyte ZOOM. ........................................... 121 

Figure 4-30: Morphological differences of fibroblasts......................................................... 122 

Figure 5-1: Isolation of enriched cell populations from healthy dermis and keloid scars by 

FACS. ............................................................................................................................... 136 

Figure 5-2: Volcano plot of differential gene expression between CD26+ FAP+ cells from 

healthy dermis and keloid scars ........................................................................................ 138 

Figure 5-3: GO term enrichment for biological processes in keloid FAP+ CD26+ cells. ..... 142 

Figure 5-4: GO term enrichment for cellular components in keloid FAP+ CD26+ cells. ..... 143 

Figure 5-5: GO term enrichment for molecular functions in keloid FAP+ CD26+ cells. ...... 143 

Figure 5-6: KEGG pathways annotation of FAP+ CD26+ keloid fibroblasts using DAVID. . 144 

Figure 5-7: Volcano plot of differential gene expression between CD271+ cells and CD26+ 

FAP+ cells in keloid scarring ............................................................................................. 149 

Figure 5-8: Upregulated genes in CD271+ keloid cells associated with predicted activated 

functions. ........................................................................................................................... 154 

Figure 5-9: Volcano plot of differential gene expression between cultured keloid and normal 

skin fibroblasts. ................................................................................................................. 156 



 

xiii 
 

Figure 5-10: Association of differential gene expression in cultured keloid and normal skin 

fibroblasts with actin cytoskeleton signalling. .................................................................... 159 

Figure 5-11: Gene networks of predicted downstream effects in cultured keloid fibroblasts.

 ......................................................................................................................................... 162 

Figure 6-1: TWIST1 expression is increased in keloid scars. ............................................ 178 

Figure 6-2: BMI1 expression is increased in keloid scars. ................................................. 179 

Figure 6-3: Active β-catenin expression is increased in keloid scars. ................................ 181 

Figure 6-4: αSMA expression in keloid tissue. .................................................................. 182 

Figure 6-5: TWIST1 expression in healthy skin and keloid fibroblasts treated with TGF-β1 or 

IL6 in vitro. ........................................................................................................................ 185 

Figure 6-6: Quantification of TWIST1 and αSMA expression in healthy skin and keloid 

fibroblasts treated with TGF-β1 or IL6 in vitro. .................................................................. 186 

Figure 6-7: TWIST1 expression in healthy skin and keloid fibroblasts treated with Wnt3a or 

Wnt5a in vitro. ................................................................................................................... 187 

Figure 6-8: Quantification of TWIST1 and αSMA expression in healthy skin and keloid 

fibroblasts treated with Wnt3a or Wnt5a in vitro. ............................................................... 188 

Figure 6-9 TWIST1 expression in healthy skin and keloid fibroblasts cultured in different 

media in vitro. ................................................................................................................... 191 

Figure 6-10: Quantification of ki67, TWIST1 and αSMA expression in cultured fibroblasts. 192 

 

  



 

xiv 
 

List of Tables 

 

Table 1-1: Summary of clinical and histological differences between keloid and hypertrophic 

scars ..................................................................................................................................... 9 

Table 1-2: Overview of different types of keloid models ....................................................... 17 

Table 2-1: Buffers and solutions .......................................................................................... 37 

Table 2-2: Culture media used in this study ......................................................................... 38 

Table 2-3: Keloid samples used in this study ....................................................................... 40 

Table 2-4: Normal skin samples used in this study .............................................................. 41 

Table 2-5: Normal scar samples used in this study ............................................................. 42 

Table 2-6: Primary antibodies used in IHC .......................................................................... 45 

Table 2-7: Secondary antibodies used for IHC and ICC ...................................................... 45 

Table 2-8: Primary antibodies used in ICC .......................................................................... 46 

Table 2-9: Antibodies used for flow cytometry analysis of cell surface markers ................... 48 

Table 2-10: Mesenchymal cell panel for polychromatic flow cytometry ................................ 49 

Table 3-1: Overview of panel iterations ............................................................................... 78 

Table 4-1: Summary of marker expression of CD271+ cells in human dermis and keloid 

scars. .................................................................................................................................. 88 

Table 4-2: Phenotype of CD26+ FAP+ cells in human dermis and keloid scars................... 98 

Table 4-3: Summary of marker expression of endothelial cells in human dermis and keloid 

scars revealed by multicolour flow cytometry. ................................................................... 104 

Table 4-4: Summary of marker expression of cultured fibroblasts by multicolour flow 

cytometry. ......................................................................................................................... 114 

Table 5-1: Summary of quantity and quality of extracted total RNA from sorted cell 

populations. ....................................................................................................................... 137 

Table 5-2: Top 25 upregulated genes in FAP+ CD26+ population in keloid scars with p-value 

≤ 0.05. ............................................................................................................................... 139 

Table 5-3: Top 25 downregulated genes in FAP+ CD26+ population in keloid scars with p-

value ≤ 0.05. ..................................................................................................................... 140 

Table 5-4: Differentially expressed genes with log2(FC) > 1.5 in CD26+ FAP+ cells from 

keloid scars and normal skin associated with the inhibition of matrix metalloproteinase 

pathway by IPA. ................................................................................................................ 145 

Table 5-5: Top 10 predicted upstream regulators of gene transcription in FAP+ CD26+ keloid 

fibroblasts. ......................................................................................................................... 146 



 

xv 
 

Table 5-6: Relevant functions and diseases with predicted activation in CD26+ FAP+ keloid 

fibroblasts. ........................................................................................................................ 147 

Table 5-7: Top 25 upregulated genes in CD271+ cells compared to FAP+ CD26+ cells in 

keloid scars with p-value < 0.05. ....................................................................................... 150 

Table 5-8: Top 25 upregulated genes in CD26+ FAP+ cells compared to CD271+ cells in 

keloid scars with p-value < 0.05. ....................................................................................... 151 

Table 5-9: Functions and diseases with predicted activation in CD271+ keloid cells. ........ 152 

Table 5-10: Summary of quality and quantity of extracted RNA from cultured fibroblasts. . 155 

Table 5-11: Top 25 upregulated genes in cultured keloid fibroblasts with p-value < 0.05. . 157 

Table 5-12: Top 25 downregulated genes in cultured keloid fibroblasts with p-value ≤ 0.05.

 ......................................................................................................................................... 158 

Table 5-13: Functions and diseases with predicted activation and inhibition in cultured keloid 

cells. ................................................................................................................................. 161 

Table 5-14: Differentially expressed genes between cultured keloid and normal skin 

fibroblasts as well as CD26+ FAP+ cells in keloids and in healthy human skin. ................ 164 

 

  



 

xvi 
 

Abbreviations 

 

3D   3-dimensional 

5-FU   5-fluorouracil 

ADAM12  ADAM metallopeptidase domain 12 

ADO   Adenosine 

ANOVA  Analysis of variance 

APC   Allophycocyanin 

ASC   Adipose-derived stem cell 

αSMA   α smooth muscle actin 

BEC   Blood endothelial cell 

bHLH   basic helix-loop-helix 

BMI1   B lymphoma Mo–MLV insertion region 1 homologue 

BM-MSC  Bone marrow mesenchymal stem cell 

BUV   Brilliant ultraviolet 

BV   Brilliant violet 

CD   Cluster of differentiation 

CFU-F   Fibroblast colony-forming units 

COMP   Cartilage oligomeric matrix protein 

CTGF   Connective tissue growth factor 

Cy   Cyanine 

DAPI   4',6-diamidino-2-phenylindole 

DAVID   Database for Annotation, Visualization and Integrated Discovery 

DC   Dendritic cell 

D0   DMEM/ 0% FBS 

DF1   DMEM/ 1% FBS 

DF10   DMEM/ 10% FBS 



 

xvii 
 

DKK3   Dickkopf Wnt signalling pathway inhibitor 3 

DMEM   Dulbecco’s modified Eagles’s medium 

DMPC   Dermal mesenchymal progenitor cell 

DMSO   Dimethyl sulfoxide 

DPP4   Dipeptidyl peptidase-4 

ECM   Extracellular matrix 

EDTA   Ethylenediaminetetraacetic acid 

EMT   Epithelial-mesenchymal transition 

EN1   Engrailed 1 

ERK   Extracellular-signal-regulated kinase 

FACS   Fluorescence-activated cell sorting analysis 

FAP   Fibroblast activation protein 

FBS   Fetal bovine serum 

FC   Fold change 

FGF   Fibroblast growth factor 

FITC   Fluorescein isothiocyanate 

FMO   Fluorescence minus one 

FOXL2   Forkhead box L2 

FOXP3  Forkhead box P3 

FPKM   Fragments mapped per kilobase of feature per million fragments 

FSC   Forward-scatter 

FSP1   Fibroblast-specific protein 1 

FZD1   Frizzled class receptor 1 

GO   Gene ontology 

GPI   Glycosylphosphatidylinositol 

GWAS   Genome-wide association study 

HBSS   Hanks' Balanced Salt Solution 

HEPES  4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 



 

xviii 
 

HIF‑1α   Hypoxia‑inducible factor‑1α 

HLA   Human leucocyte antigen 

ICC   Immunocytochemistry 

IFNγ   Interferon γ 

IGF   Insulin-like growth factor 

IL   Interleukin 

IPA   Ingenuity pathway analysis 

ISCT   International Society of Cellular Therapy 

ITS   Insulin-Transferrin-Selenium 

JNK   c-Jun N-terminal kinase 

KALT   Keloid-associated lymphoid tissue 

LEC   Lymphatic endothelial cell 

LEF   Lymphoid enhancer-binding factor 

MAPK   Mitogen-activated protein kinases 

MCAM   Melanoma cell adhesion molecule 

MCP-1   Monocyte chemoattractant protein-1 

MHC   Major histocompatibility complex 

MMP   Matrix metalloproteinases 

MSC   Mesenchymal stem cells 

NEDD4  Neuronal precursor cell-expressed developmentally downregulated 4 

NG2   Neural/glial antigen 2 

NGFR   Nerve growth factor receptor 

OMIP   Optimised multicolour immunophenotyping panel 

p75NTR   Llow-affinity p75 neurotrophin receptor 

PAI1   Plasminogen activator inhibitor 1 

PBMC   Peripheral blood mononuclear cells 

PBS   Phosphate-buffered saline 

PDPN   Podoplanin 



 

xix 
 

PDGF   Platelet-derived growth factor 

PE   Phycoerythin 

PECAM-1  Platelet endothelial cell adhesion molecule 

PerCP   Peridinin Chlorophyll 

PLGA   Poly(lactic-co-glycolic acid) 

PMT   Photomultiplier tubes 

PMN   Polymorphonuclear neutrophil 

PRP   platelet-rich plasma 

RGS5   Regulator of G protein signalling 5 

RIN   RNA integrity number 

RORγt   Related orphan receptor γt 

RWD   Relative wound density 

SDF-1   Stromal cell-derived factor 1 

SFRP   Secreted frizzled-related protein 

SKP   Skin-derived precursor cells 

SMAD   Sma- and Mad-related protein 

SMC   Smooth muscles cell 

SNP   Single-nucleotide polymorphism 

SSC   Side-scatter 

SSc   Systemic Sclerosis 

TBS   Tris-buffered saline 

TCF   T-cell-specific factor 

TFPI2   Tissue factor pathway inhibitor 2 

TGF-β   Transforming growth factor β 

THBS2   Thrombospondin 2 

TIMP   Tissue inhibitor of metalloproteinase 

TNFα   Tumour necrosis factor α 

Treg   Regulatory T cell 



 

xx 
 

TSP-1   Thrombspondin-1 

UIP   Usual interstitial pneumonia 

VEGF   Vascular endothelial growth factor 

WIF   Wnt inhibitory factor 1 

WNT   Wingless type  



 

xxi 
 

 

 



 

xxii 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 1 

1 
 

 Introduction 

1.1. Skin morphology 

Skin is the biggest organ of the human body. The main function of skin is to protect the internal 

organs of the body from exposure to external factors such as radiation, pathogens, toxins and 

trauma. In addition to that, other skin functions are protection from excessive fluid loss, 

sensation, insulation, temperature regulation and vitamin D synthesis. Human skin consists of 

two dependent layers the epidermis and the dermis, which sit on the hypodermis, a 

subcutaneous layer of adipose tissue (Figure 1-1). 

The epidermis is the protective outer layer and consists of four layers: the stratum basale, 

stratum spinosum, stratum granulosum, stratum lucidum, and stratum corneum. As new cells 

form in the basal layer, keratinocytes are slowly pushed from the basal lamina to the surface 

of the epidermis with increasing level of differentiation. Due to programmed cell death, the 

migrating cells die and form the outermost layer of the epidermis, the stratum corneum. Other 

cell types in the epidermis are melanocytes, responsible for pigmentation of the skin, and 

Langerhans cells, which are antigen-presenting immune cells. 

The dermis is responsible for the structural integrity of the skin and forms a dynamic 

microenvironment. It consists of connective tissue and extracellular matrix-producing 

fibroblasts contributing to the strength and elasticity of the skin. Other accommodated cell 

populations in the dermis are immune cells such as macrophages, dermal dendritic cells and 

mast cells. Furthermore, the dermis harbours skin appendages such as hair follicles, sweat 

glands, sebaceous glands, apocrine glands, as well as blood vessels, nerves and lymphatic 

vessels. The dermis can be further divided into two layers, with the papillary dermis adjacent 

to the epidermis, and the deeper and thicker area, the reticular dermis. The papillary dermis 

is localised below the epidermis and is approximately 300-400μm deep. It consists of dermal 

papillae, which are ridge-like structures, containing vascular and neural components and an 
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increased cell density (1). The reticular dermis is the deeper area located between papillary 

dermis and the hypodermis. The thickness of the dermal layers can vary between different 

anatomical sites. For instance, the papillary dermis is thicker in some anatomical regions such 

as in the palmoplantar skin (2). In addition, both layers of the dermis also show differential 

extracellular matrix (ECM) composition. The papillary dermis consists of poorly organised 

collagen fibres, with a high ratio of type 3 collagen to type 1 collagen compared to the reticular 

dermis. In contrast, the reticular dermis consists of thick, well-organised fibres containing 

mainly type 1 collagen with a low collagen 3 to collagen 1 ratio (3). Numerous other ECM 

molecules such as decorin, versican or other collagen types have been reported to be 

differentially expressed between the two layers of the dermis (1). 

 

 

 

Figure 1-1: Anatomy of the human skin 

Image used with copyright permission by Terese Winslow LLC. 
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1.2. Wound healing and skin regeneration 

1.2.1 Wound healing 

Wound healing is the dynamic process to repair the skin following trauma or injury. The healing 

process consists of three sequential, overlapping phases: inflammation, proliferation and 

remodelling/maturation (Figure 1-2). Once the protective barrier of the skin is broken, a 

complex cascade of molecular and cellular reactions sets in motion to close the wound and 

renew the tissue (4, 5) (Figure 1-3). 

 

 

Figure 1-2: Schematic of the wound healing phases. 

Illustration modified from Yabluchanskiy et al. (2013) (6). 

 

 

1.2.2 Inflammation 

The inflammatory phase follows the coagulation cascade, which establishes haemostasis by 

formation of a fibrin clot. Platelets adhere to the fibrin clot and secrete mediators such as 

platelet-derived growth factor (PDGF), transforming growth factor β (TGF-β) and other 

chemotactic factors that recruit inflammatory leukocytes into the wound site to initiate the 

inflammatory phase. Neutrophils (polymorphonuclear neutrophils (PMNs)) infiltrate the site of 

injury and cleanse the wound of debris, damaged tissue, and bacteria by releasing oxygen 

free radicals (7). They later either undergo apoptosis or are phagocytised by macrophages, 
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which differentiate from infiltrating monocytes. Macrophages play a pivotal role in wound 

regeneration by phagocytising debris and damaged tissue, secreting collagenases to break 

down tissue as well as releasing factors, in particular, PDGF and vascular endothelial growth 

factor (VEGF), that stimulate fibroblasts and endothelial cells, and induces the proliferative 

phase (8). The third type of leukocytes involved in the inflammatory phase are T-lymphocytes, 

which infiltrate the wound site during the transitional phase from inflammation to proliferation. 

However, the function of T-lymphocytes in skin repair is not yet completely understood (9). 

 

1.2.3 Proliferation 

In the proliferative phase, keratinocytes of the epidermis proliferate around the wound edges 

and migrate across the wound site in order to re-epithelialise the wound (10). Furthermore, 

fibroblasts proliferate as well as synthesise collagen and other ECM components. A 

preliminary granulation tissue is formed which mainly consists of type III collagen and functions 

as a scaffold for cell migration. In addition, chemokines such as VEGF stimulate angiogenesis 

to form new blood vessels in order to sustain the granulation tissue with oxygen, nutrients and 

further migration of new leukocytes (11). 

 

1.2.4 Maturation/ Remodelling 

The inflammatory response ends and the wound contracts, due to the fibroblasts differentiating 

into contractile myofibroblasts, which express α smooth muscle actin (αSMA) (12, 13). 

Ultimately, the remodelling of the granulation tissue that follows is dependent on a balanced 

process between collagen synthesis and degradation. Type III collagen is degraded by matrix 

metalloproteinases (MMPs) and replaced by newly synthesised type I collagen to form a 

mature scar (14). Dependent on scar size, the process of collagen remodelling can take 

months until a mature scar with tensile strength and mechanical integrity is reached. 
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Figure 1-3: Molecular and cellular reactions to cutaneous wound healing.  

(a) Immediately after the injury of the skin, increased blood components such as red blood cells, platelets and 
leukocytes such as polymorphonuclear neutrophils (PMNs) are found within the wound site. (b) Platelets coagulate 
with fibrin, which is derived from fibrinogen to form a fibrin clot and stop further bleeding. (c) In the early phases of 
inflammation, platelets release growth factors such as platelet-derived growth factor (PDGF) and transforming 
growth factor β (TGF-β) and mediate the infiltration of PMNs into the wound. (d) In the later stages of inflammation 
approximately after 48 h, macrophages are the main inflammatory cell found within the wound site. Both, 
macrophages and PMNs, are responsible for removing debris and damaged tissue as well as releasing growth 
factors to mediate further steps in the wound healing process. (e) In the proliferative phase, fibroplasia and re-
epithelisation occur, and collagen is synthesised to form a granulation tissue. (f) Ultimately, the ECM is remodelled 
by replacing type III collagen with type I collagen. The illustration is obtained from Beanes et al. (2003) (15).  
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1.3. Scarring 

The ultimate outcome following the complex wound healing process is a cutaneous scar, 

which replaces the normal skin after an injury. Ideally, the repaired tissue sustains normal skin 

anatomy and function. However, in humans, only foetuses are capable of scarless wound 

healing with complete skin regeneration (16). Therefore, the formation of scar tissue is 

inevitable. While scar tissue consists of the same types of collagen as normal skin, the 

collagen composition and architecture differ between normal skin and scar. In healthy skin, 

the collagen fibres are organised in a random order, whereas in scar tissue, they are cross-

linked and aligned in a parallel manner (17). The formation of scars following trauma or surgery 

is difficult to predict, and the prevention and improvement of scar tissue are highly relevant for 

clinicians as well as patients. In order to minimise scarring and wound tension, surgeons 

usually design their incisions using tension lines such as Langer’s lines or relaxed skin tension 

lines, which run along the tension vectors of the skin (18). 

 

1.3.1 Cutaneous scar types 

The appearance of scars can vary widely from colour, shape, size and depth due to gender, 

age, and genetics and even within the same individual. Clinically, scars can be characterised 

into flat scars, atrophic scars, hypertrophic scars, keloid scars and contracture scars (19). Flat 

scars are the most common type of scar, typically resulting after an injury to the skin. They 

are pale in colour and depending on the injury, they are either a fine line or a wider spread 

scar. Atrophic scars are depressed compared to the surrounding skin and commonly occur 

after acne or pockmarks. Hypertrophic and keloid scars are raised dermal scars, with keloid 

scars growing beyond the wound boundaries, whereas hypertrophic scars stay within the 

original wound site. Finally, contracture scars often occur after burn injuries. Due to contraction 

of the skin, the scar tissue is often tight and restricts the movement of the patient in the affected 

area, especially in the region of joints. 
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1.3.2 Fetal skin regeneration 

In humans, scarless skin regeneration after injury or trauma only occurs in utero in fetal wound 

healing (20). Wound healing research has focussed on understanding the underlying reasons 

for the remarkably scarless wound healing of fetal skin. It has been shown that there is a 

decreased inflammatory response in foetus, which ultimately leads to an altered inflammatory 

cytokine profile (16, 21). For instance, levels of TGF-β1, a key cytokine in wound healing, are 

decreased and addition of TGF-β1 leads to scarring in fetal wounds (22). Furthermore, several 

components of the fetal ECM have been shown to differ from the ECM found in adult skin. 

Thus, it has been proposed that those differences might play an important factor in the 

scarless fetal wound healing (20). Recent understanding of the cellular and extracellular matrix 

events in scarless fetal healing are leading to the development of new therapies to reduce or 

even prevent scarring in adults for improved cosmetic as well as functional results (23). 

 

1.3.3 Impaired wound healing and scarring 

Normally, the series of overlapping phases in the wound healing process is precisely 

organised. However, in some cases, there are alterations in the process due to physiological 

and biological deficiencies, which ultimately lead to aberrant healing. Some wounds fail to heal 

over time and remain in the earlier phases of the wound healing process. Those wounds with 

deficient or delayed healing are for instance, diabetic leg ulcers, chronic wounds and skin 

exposed to radiation therapy, for example for cancer treatment. On the other end of the wound 

healing spectrum, there are cases in which cutaneous injuries and traumas heal excessively 

leading to either hypertrophic scars or keloid lesions with fibroplasia and excessive 

extracellular matrix. Patients with impaired healing can suffer from physical, aesthetic, 

psychological and even social issues. A better understanding of the underlying molecular 

mechanisms in aberrant wound healing is required to develop new treatment strategies. 
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1.4. Keloid scars 

Keloid scars are a result of a fibrous overgrowth after a cutaneous injury, characterised by 

excessive fibroblast proliferation and collagen formation in the dermis. Keloids are defined by 

invasion of the surrounding tissues beyond the original wound site. These types of scars were 

initially called ‘cheloides’, which is derived from the Greek term ‘chele’ and means ‘crab’s claw’ 

(24). 

 

1.4.1 Clinical and histological characteristics of keloids 

Keloids and hypertrophic scars are both types of scars that grow above the skin level. Despite 

this similarity, there are a number of differences between these two types of scars, which have 

to be carefully considered while diagnosing the scar type to provide the appropriate treatment 

strategy for the patient. 

While hypertrophic scars only rise vertically, keloid scars grow similar to benign tumours 

beyond the original wound site invading the surrounding tissue. Keloids are often described 

as firm, rubbery, fibrous nodules that can vary in colour, and can often be pruritic (itchy) and 

painful (25). Keloids can occur years after the initial injury and persist for long periods without 

spontaneous regression. On the other hand, hypertrophic scars present similar to keloid scars, 

however, they occur within approximately the first few months after the initial injury to the skin 

and grow for up to six months, and then regress over a number of years (26, 27).  Keloid scars 

are not only more likely to form in patients with darker pigmented skin types and in patients 

with a positive family history, but also certain areas of the body are more susceptible to form 

keloid scars after a cutaneous injury such as chest, shoulders, upper back, neck and earlobes 

(25, 28). Similarly, hypertrophic scars commonly occur in specific areas of the body, in 

particular in areas with increased tension such as shoulders, neck, sternum, knees and ankles 

(26, 27). However, there is no evidence for a genetic predisposition for the formation of 

hypertrophic scars (26, 29). 
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Histologically, keloid scars and hypertrophic scars both show increased levels of collagen and 

elevated numbers of fibroblasts in the dermis. Collagen in keloid scars mainly consists of thick 

bundles of hyalinised and disorganised type I and type III collagen (30). In hypertrophic scars, 

collagen fibres run parallel to the epidermis and nodules with a high density of fibroblasts are 

located in the deeper layer of the scar tissue (26, 29). Blood vessels are found as aggregates 

below the epidermis in keloid scars, while the vessels in hypertrophic scars grow vertically 

around the nodules (29). Furthermore, keloid scars have increased inflammatory infiltrates in 

comparison to hypertrophic scars (29). The similarities and differences between keloid scars 

and hypertrophic scars are summarised in Table 1-1. 

 

 

Table 1-1: Summary of clinical and histological differences between keloid and hypertrophic scars 

Table adapted from (26). 

 Keloid scars Hypertrophic scars 

Predisposition 
Equal sex distribution, higher 
prevalence in patients positive family 
history and darker pigmented skin 

Equal sex distribution, no genetic 
predisposition 

Anatomical 
sites 

Chest, shoulders, earlobes, upper 
back, neck 

Areas of high tension such as 
shoulders, neck, sternum, knees, 
ankles 

Duration 

Can occur long after the initial injury, 
no spontaneous regression, long 
persistence, high risk for recurrence 
after excision 

Occur within first few months after the 
initial injury, growth for up to 6 months, 
followed by regression over a few 
years, low recurrence rate after 
excision 

Size Extend beyond the original wound site 
Do not extend beyond the original 
wound site 

Appearance 
Firm, shiny surface, nodular, 
sometimes hyperpigmented, pruritic, 
sometimes mildly painful 

Linear or nodular, red or 
hyperpigmented, sometimes pruritic 

Histology 

Disorganised, hyalinised, thicker and 
wavy collagen bundles, increased type 
I to type III collagen ratio, fibroplasia, 
immune cell infiltrates 

Increased type III collagen parallel to 
the epidermis, nodules with a higher 
density of fibroblasts in deeper scar 
tissue  
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1.4.2 Keloid genetics 

The multifactorial nature of keloid disease means that development of keloids is likely to occur 

due to interaction between the environment and individual’s genetic susceptibility. There is 

evidence for a genetic component in keloid disease. Firstly, keloids are unique to humans and 

the prevalence of keloid disease among different ethnicities varies (31, 32). Keloid scars are 

more common in darker pigmented races and patients with a positive family history (26). 

Numerous familial studies and twin studies reveal the underlying genetic predisposition of 

keloid formation (33-36). Most studies report an autosomal dominant inheritance with 

incomplete penetrance, however, the number of genes involved remain uncertain and a 

complex oligogenic disease is more likely than a monogenic Mendelian condition (32). 

A genome-wide linkage study in a Japanese family and an African-American family identified 

loci potentially associated with keloid disease on chromosome 2q23 and chromosome 7p11, 

respectively (37). Susceptibility loci for keloid disease have been identified on chromosomes 

10q23.31 and 18q21.1 in Chinese families (38, 39). Furthermore, a genome-wide association 

study (GWAS) by Nakashima et al. in the Japanese population revealed four susceptibility loci 

in three chromosomal regions (1q41, 3q22.3–23, and 15q21.3) with significant associations of 

keloid disease. Of the four single-nucleotide polymorphism (SNP) loci, rs873549, rs1511412, 

rs940187, and rs8032158, the rs873549 loci showed the most significant association to keloid 

(40). Ogawa et al. studied whether these four loci are associated with the severity of keloid 

scars in 204 Japanese keloid patients and found that only the rs8032158 SNP is highly 

associated with keloid severity (41). The rs8032158 SNP is located in an intron of the neuronal 

precursor cell-expressed developmentally downregulated 4 (NEDD4) gene on chromosome 

15, which expresses an E3 ubiquitin ligase involved in ubiquitin-mediated protein degradation 

plays a role in TGF-β-catenin activation, β-catenin accumulation in the cytoplasm and p27 

localisation and stability (40, 42). Zhu et al. investigated these susceptibility loci associated 

with keloid in the Chinese Han population and confirmed the association of rs873549 and 

rs1442440 at 1q41 and rs2271289 at 15q21.3 with keloid disease (43). However, a recent 
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case-control study by Lu et al. showed that the SNP rs1511412 in the forkhead box L2 

(FOXL2) gene on chromosome 3q22.3 is associated with keloid scarring in the Chinese 

population, which was further confirmed by a meta-analysis of three studies across five Asian 

populations with a total of 1847 cases and 7229 controls (44). Moreover, Velez and colleagues 

conducted admixture mapping and whole exome association and identified a significant 

mapping peak on chr15q21.2-22 including NEDD4 in African Americans (45). However, a 

more significant association with keloid scarring was observed at myosin 1E (MYO1E). In 

addition, exclusion of this region from the analysis revealed an association with keloid scarring 

at a different myosin gene, myosin 7A (MYO7A), at 11q13.5 (45).  This suggests that changes 

in the cytoskeleton may affect keloid pathogenesis. 

The major histocompatibility complex (MHC), also called human leucocyte antigen (HLA), is 

the most polymorphic genetic system in vertebrates and has been previously associated with 

numerous disease conditions including autoimmune disorders (46). The association of HLA 

gene polymorphisms has been investigated in various studies in Caucasian and Chinese Han 

populations (47-49). A positive association between HLA-DRB1*15 with keloids has been 

shown in studies by Brown et al. in a Caucasian population and by Lu et al. in a Chinese ethnic 

group indicating that HLA-DRB1*15 may be associated with an increased risk of keloid 

formation (48, 49). However, Lu et al. found the HLA-DQA1*0104, DQ-B1*0501 and 

DQB1*0503 higher in keloid (48). In addition, Shi et al. investigated for the first time copy 

number variants in keloid disease in Caucasians and revealed a potential involvement of HLA-

DRB5 in keloid formation through minor puncture wounds. Interestingly, the authors concluded 

an association of the HLA-DRB5 presence with the HLA-DRB1*15 allele (47).  

Thus, keloid scars are a complex disease and aggregation in families and ethnic groups, 

occurrence in twins and identification of genetic loci associated with keloid scars indicate a 

strong genetic contribution to keloid formation. However, due to the fact that no single gene 

mutation has been revealed to date, epigenetics, gene-environment interactions and 

immunogenetic involvement may also play a role in keloid aetiology. 
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1.4.3 Treatment of keloid scars 

To date, there is no cure or prevention for keloid scar formation or recurrence. The lack of 

successful therapeutic interventions is due to gaps in the knowledge of the pathophysiology 

underlying the formation and recurrence of keloid scars (50). Furthermore, no animal models 

or in vitro models that successfully recapitulates a keloid scar are currently available to study 

the molecular and cellular mechanisms of keloid scar formation and recurrence due to the fact 

that keloids are unique to humans (51). 

Normally, keloid scars are initially treated with repeated intralesional injections of 

corticosteroids, using triamcinolone most commonly (52). Corticosteroid treatment inhibits 

fibroblast proliferation, collagen synthesis and exerts anti-inflammatory effects. Thereby, 

corticosteroid treatment can induce scar regression and potentially decrease the keloid scar 

volume (52). Additional keloid treatment includes general scar management such as pressure 

garments or silicone sheeting, which improve the scar condition through counteracting 

thickening of the scar tissue and increasing the scar hydration (26, 53). Ultimately, some keloid 

scars are treated by surgical excision as the only potentially curative approach. However, 

keloid scars have a very high recurrence rate after excision alone, with reported rates between 

51 to 100% (24, 54, 55). In addition, surgical excision includes the risk of the recurring scar 

being larger than the original scar (54). Often, surgical excision is combined with adjuvant 

postsurgical treatments such as radiotherapy, cryotherapy or laser therapy to decrease the 

likelihood of keloid recurrence. Alternatively, non-corticosteroid intralesional injections are also 

in current use for keloid treatment and may be more appropriate in some cases in order to 

reduce the keloid mass (52, 56). Non-corticosteroid intralesional injections for keloid treatment 

include 5-fluorouracil (5-FU), intralesional cryotherapy, bleomycin, verapamil, interferon and 

botulinum toxin type A (27, 52, 56). Additionally, some topical treatments have been shown to 

improve keloid scarring such as retinoic acid and imiquimod (27). 

In conclusion, there are many treatment options for keloid scars; however, there is no 

treatment that cures or prevents the recurrence of keloid scars. Combination therapy of current 
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keloid treatments may improve the treatment outcomes and need to be further examined. In 

addition, further investigations of the underlying mechanisms of keloid pathogenesis are 

required in order to identify novel drug targets that may result in promising new treatment 

strategies for keloid scarring. 

 

1.4.4 Keloid models 

A key obstacle in finding new treatment options for keloid scars is the lack of appropriate 

models to study the effectiveness of potential novel drugs and keloid formation and 

recurrence. Due to the fact that keloid scars are unique to human, there are no animal models 

available. However, keloid scars have been studied extensively in tissue and cell culture 

systems ranging from simple monolayer cell culture to animal transplant models grafting 3-

dimensional (3D) engineered tissue into mice (Table 1-2). 

A large amount of keloid research is undertaken on keloid fibroblasts harvested from keloid 

scar tissue and cultured in a monolayer (57). However, this approach does not reflect the 

physiological skin environment in vivo as other cell populations and extracellular matrix are 

missing key factors that interact with the keloid fibroblasts. Furthermore, most culture media 

contain serum, which contains growth factors and therefore can alter the outcomes of the 

undertaken experiments. Thus, serum-free media is recommended for culturing keloid cells. 

Co-culture systems of fibroblasts and keratinocytes enabled the investigation of their 

interaction to some extent; however, this type of 2D culture still cannot represent the formation 

of keloid scars in a satisfactory manner (58).  

To improve the physiological relevance of the models, 3D in vitro models were developed 

using collagen gels or synthetic polymers as scaffolds. Sato et al. compared monolayer culture 

and 3D culture of normal skin fibroblasts and keloid fibroblasts (59). The authors revealed a 

distinct collagen gene expression pattern for the different culture systems, with the 3D culture 

being closer to physiological conditions than the monolayer culture (59). Li and colleagues 
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studied the role of MMPs in keloid formation using two 3D models by incorporating keloid-

derived fibroblasts in either polyethene glycol diacrylate mixed with type I collagen or Matrigel 

(60). Their study revealed differences in MMP gene expression between the two models 

indicating the importance of the surrounding ECM in keloid formation (60). To mimic the 

epithelial-mesenchymal interactions and direct cell-cell contacts in skin, Butler et al. developed 

an organotypic cell culture system which includes fibroblasts for a dermal layer embedded in 

a collagen matrix and a top layer of keratinocytes (61). While the fibroblasts of the dermal 

layer were derived from keloid tissue, normal skin keratinocytes were used for this keloid 

model. However, it is known from co-culture studies that keratinocytes in keloid scars are 

functionally different and influence fibroblast behaviour. Therefore, a better keloid model would 

include keloid keratinocytes instead of normal skin-derived keratinocytes. Suttho et al. 

established a 3D keloid model implementing keloid fibroblast heterogeneity by growing 

fibroblasts derived from different areas of keloid scars (centre, periphery, and non-lesional) in 

a hydrated collagen gel (62). Overall, 3D in vitro models may provide an improved 

representation of keloid scars compared to monolayer culture. However, they still lack 

important cellular components to keloid formation such as keloid keratinocytes and immune 

cells. 

To establish in vivo models of keloid scarring, in vitro 3D bioengineered models have been 

transplanted into athymic mice (63). Supp et al. divided the dermis of keloid scars into deeper 

and superficial dermis. Superficial or deep keloid fibroblasts were cultured on a rehydrated 

bovine collagen-glycosaminoglycan polymer substrate followed by inoculation of either normal 

keratinocytes or keloid keratinocytes (63). The bioengineered skin substitutes were then 

transplanted into athymic mice. Supp and colleagues observed that the keloid models using 

deep fibroblasts increased in thickness and the ones using superficial fibroblasts significantly 

increased in area in vivo. However, the phenotype of Supp’s in vivo model does not 

correspond to keloid scars as there was no bulging of the graft similar to the bulging phenotype 

of keloid scars. In 2013, Yagi and colleagues established a model for glycosaminoglycan 
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deposition in keloid by seeding keloid fibroblasts on collagen sponges, which were then 

subcutaneously implanted into nude mice (64). Sponges seeded with keloid-derived cells were 

significantly heavier than sponges seeded with normal skin fibroblasts one month after 

implantation suggesting an elevated glycosaminoglycan deposition. The model was also used 

to investigate the effect of interleukin-1β or chondroitinase ABC injections, which both 

decreased the keloid cell seeded sponge volume (64).  Lee and colleagues implanted porous 

polyethene ring-supported plasma/ fibrin-based skin constructs using keloid fibroblasts and 

keratinocytes in athymic mice (65). Stable to 18 weeks, the implants accumulated large 

collagen bundles although the graft did not contain collagen initially, and showed epidermal 

hyperplasia and increased vascularisation similar to keloid scars in vivo (65).  In a recent 

study, luminescence-labelled keloid fibroblasts were cultured and grown in a 3D poly(lactic-

co-glycolic acid) (PLGA) scaffold containing autologous platelet-rich plasma (PRP) and the 

scaffolds were transplanted subcutaneously into nude mice (66). In vivo luminescence cell 

imaging revealed prolonged proliferation of keloid fibroblasts compared to normal skin 

fibroblasts and further analysis showed increased accumulation of collagen and αSMA in the 

PLGA grafts with keloid fibroblasts. Although the graft volumes for PLGA scaffold containing 

keloid fibroblasts were higher than the ones containing normal skin fibroblasts after 120 days, 

this difference was not statistically significant (66).  Thus, in vivo models of keloid scars can 

be established by transplanting in vitro grown keloid fibroblasts on scaffolds into athymic or 

nude mice. However, it remains to be determined how extensively these models represent the 

molecular mechanisms in keloid scarring. For instance, athymic mice used in the described 

models lack T cells to reduce the risk of graft rejection. However, this immune component is 

a key player in scarring and is especially important in the pathogenesis of keloid scarring, so 

the lack of T cells in these model reduces their validity. 

Furthermore, ex vivo models using biopsies have been established that retain the keloid cells 

in their pathological niche (67-69). For instance, Bagabir et al. developed a long-term, serum-

free organ culture using punch biopsies embedded in a collagen matrix and cultured at air-
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liquid interface, which maintained the keloid phenotype (68). It also has been shown that this 

model is useful for studying treatment responses, as administration of dexamethasone 

reduced epidermal thickness and scar volume (68). Ex vivo organ culture is a promising tool 

to test the effectiveness of treatments and novel drugs for keloid scars. However, this type of 

model does not help to understand the formation of keloid scars. In addition, ex vivo models 

are limited by the supply of fresh keloid tissue as well as the heterogeneity within and between 

different keloid scars. 

Overall, none of the current keloid models can adequately reproduce the complexity of keloid 

scar biology. Neither in vitro nor in vivo models can account for different genetic 

predispositions to keloid scarring which may vary between individuals, or the immune 

component of keloid formation (70, 71). Cultured in vitro models have a limited lifespan in the 

laboratory, in contrast to the progressive keloid formation over years in humans. Numerous 

cell populations, not only fibroblasts, are functionally altered and involved in keloid scarring. 

Therefore, simple keloid models containing solely fibroblasts and keratinocytes are not 

sufficient to understand the complex formation of this keloid scars. Thus, better in vitro keloid 

scar models need to be established, which requires the key cellular players in keloid scar 

formation and subsequently accounts for their interactions with each other, and the 

surrounding matrix. 
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Table 1-2: Overview of different types of keloid models 

Type Potential/ purpose Limitations Publications 

In vitro 2D 
culture 

Investigation of a single 
cell population 

Use of serum-supplemented culture 
medium can confound experimental 
results, No representation of the in 
vivo environment, no imitation of 
complex cell-cell or cell-matrix 
interactions 

(57) 

In vitro 2D co-
culture 

Studying simple cell-cell 
interactions between 
two different cell 
populations 

Only 2D environment, still no 
sufficient imitation of the in vivo skin 
environment and organisation, lack 
of complex cell-cell or cell-matrix 
interactions 

(58) 

3D culture 
system/bio-
engineered 
skin 

Improved imitation of in 
vivo environment, 
including epidermal-
dermal interface, cell-
cell and cell-matrix 
interactions 

Lack of immune components, 
limited use of cell populations, 
differences between models and 
used cell populations, scaffolds, 
techniques etc. may affect 
outcomes 

(59-62) 

Ex vivo organ 
culture 

Pathologic state of cells 
is maintained in culture, 
can sustain for long 
period of time, useful to 
study potential therapies 
for keloid scars 

No systemic evaluation of drug, 
difficult to study keloid 
pathogenesis, heterogeneity of 
keloid tissue, availability of keloid 
tissue 

(67-69) 

In vivo 
transplanted, 
bioengineered 
skin model 

Closer to an in vivo 
setting 

Lack of immune component, 
currently no model that exerts a 
keloid scar phenotype, limitations of 
animal models for human biology 

(63-66) 
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1.5. Cellular players in keloid pathogenesis 

There is a heterogeneity of mesenchymal cell populations in the human dermis including 

mesenchymal stem cells, fibroblasts and pericytes. To date, many of these cell populations 

are not sufficiently defined in order to differentiate between them and their progenitors and to 

identify their origins. Not only do they share similar cell surface markers but also functional 

properties. While early keloid scar research focussed mainly on the role of fibroblasts in keloid 

scar formation, it is clear now that numerous cell populations are involved in keloid 

pathogenesis and their altered functions and interactions with each other and the surrounding 

matrix are being investigated. 

 

1.5.1 Mesenchymal stem cells 

Stem cells have the ability to proliferate and to differentiate into various different cell types. 

Stem cells can be distinguished into embryonic and adult stem cells. Embryonic stem cells are 

pluripotent and therefore can differentiate into any cell type and tissue of the three primary 

germ layers. However, their use in research and clinic is hindered due to ethical and technical 

concerns. Stem cells are also found in adult human tissues. Mesenchymal stem cells (MSC) 

or mesenchymal stromal cells have been first identified as a fibroblast precursor in bone 

marrow (BM-MSC), which can differentiate into adipogenic, osteogenic and chondrogenic 

cells (72). The International Society of Cellular Therapy (ISCT) identifies MSC as plastic-

adherent, multipotent cells which express cluster of differentiation (CD) 73, CD90, CD105 

while lacking expression of CD45, CD34, CD14 or CD11b, CD79α or CD19 and HLA-DR (73). 

Numerous recent studies isolated MSC that meet these criteria from other human tissues than 

bone-marrow, including adipose tissue, peripheral blood, muscle, retina, placenta, central 

nervous system and also human skin (74). 

Research investigating skin-derived MSC mainly focuses on epidermal stem cells and stem 

cells associated with hair follicles. However, a number of studies also report the occurrence 
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of progenitor cells in human dermis. For instance, Toma et al. revealed that skin-derived 

precursor cells (SKP) isolated from human dermis and cultured in floating spheres are capable 

of generating neural and mesodermal cell types including neurons, glia, and smooth muscle 

cells, as well as cells with the phenotype of peripheral neurons and Schwann cells in vitro (75). 

Furthermore, other studies provided evidence that adherent dermal cell cultures contain cell 

populations capable of differentiating into adipocytes, osteoblasts, and chondrocytes (76), and 

differentiation into myocytes (77), or even possess ectodermal and endodermal differentiation 

potential (78, 79). In order to distinguish between dermal MSC and fibroblasts from adherent 

cell cultures, Vaculik et al. examined the differentiation potential of subpopulations within the 

adherent fibroblast culture (80). The authors demonstrated that CD271+ and SSEA4+ cells 

had a greater capability for adipogenic differentiation than their negative counterparts in 

adherent fibroblast cultures, but only CD271+ cells were able to differentiate into osteoblasts 

and chondrocytes (80). Recently, Feisst et al. identified two populations of dermal 

mesenchymal progenitor cells (DMPCs) in healthy human dermis using polychromatic flow 

cytometry of freshly isolated, uncultured tissue (81). Both progenitor populations, DMPC1 and 

DMPC2, have been found to be similar to adipose-derived stem cells (ASC) and are also 

capable of differentiation into adipocytes. While ASC are CD36+/- CD90+, the dominant 

DMPC1 population is CD36- CD90+ (CD31- CD34+ CD36- CD73+ CD90+ CD105low CD117- 

CD146- HLA-DR-) and the DMPC2 population is CD36+ CD90- (CD31- CD34+ CD36+ CD73+ 

CD90- CD105low CD117- CD146- HLA-DR-) (81). 

The study by Feisst and colleagues proves the compelling difference between cell phenotypes 

of freshly isolated cells and cultured cells (81). It has been established that mesenchymal stem 

cells change their molecular phenotype substantially during cell culture (81-83), which makes 

it difficult to map the identity of these cultured cells back to the original tissue. Furthermore, 

most of the studies investigating MSC use adherence to plastic as an isolation method. 

However, adherent culture may not allow the isolation of a pure cell population but could lead 

to a heterogeneous population (78). Furthermore, there is a strong diversity of mesenchymal 
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cell populations in skin and their different functions remain poorly understood (84, 85). 

Mesenchymal stem cells and fibroblasts share functional properties such as differentiation 

potential, as well as several cell surface markers, which makes it difficult to distinguish 

between the different cell populations in the complex mix of mesenchymal cells and their 

progenitors (86). In particular, the ISCT definition of MSC is not sufficient for adequate 

separation of fibroblasts and MSC. Hence there is a need to redefine the different 

mesenchymal cell populations in human skin for instance the CD34+ and CD34- phenotypes 

reported by Feisst et al. (81) and to understand their origins and functions better at a 

fundamental level before studying their role in skin pathology such as keloid scarring. 

 

1.5.2 Keloid stem cells 

The concept of progenitor cell involvement in keloid formation has considerable appeal due to 

their high proliferative potential as well as the ability to respond to microenvironmental cues in 

a range of different ways. A number of recent papers have supported the role of mesenchymal 

progenitor cells in keloid pathogenesis (87-90). 

In 2008, Akino et al. showed that MSC might be involved in keloid pathogenesis by co-culturing 

human bone marrow-derived MSC and keloid-derived fibroblasts, which recruit the MSC and 

increased the ECM production of the keloid fibroblasts (88).  In the same year, Moon et al. 

reported for the first time the isolation of MSC-like cells from keloid tissue (87). These cells 

were isolated by adherence and expressed markers associated with MSC such as CD13, 

CD29, CD44, CD90, fibronectin, and vimentin in culture. Furthermore, this study showed 

multipotent differentiation of these MSC-like keloid fibroblasts into adipocytes, osteoblasts, 

chondrocytes, smooth muscle cells, and angiogenic endothelial cells (87). However, this study 

lacks a comparison of these MSC-like keloid cells to fibroblasts derived from normal dermis 

as their counterparts.  Another study by Zhang and colleagues identified a population of keloid-

derived precursor cells, which exhibit clonogenicity, multipotency, enhanced telomerase 
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activity, self-renewal, and distinct embryonic stem cell markers such as Oct-4, Rex-1 and 

Nanog as well as MSC surface markers including CD90, Stro-1 and CD105 (89). These 

properties are similar to those previously identified in SKP cells (91). Thus, keloid precursor 

cells may be the pathological form of SKP involved in the formation and progression of 

proliferative keloid scars.  Furthermore, Iqbal et al. identified a population of mesenchymal-

like stem cells within keloid scars expressing the cell surface markers CD13, CD29, CD44 and 

CD90 using multicolour fluorescence-activated cell sorting analysis (FACS) of freshly isolated, 

uncultured keloid cells (90). 

These findings lead to the hypothesis that normal dermal MSC or progenitor cells may 

transform to keloid stem cells due to the pathological and inflammatory microenvironment 

within keloid scars, leading to hyperproliferation and renewal of keloid fibroblasts and their 

progenitors, thus promoting the progression of scar formation (92). Understanding the role of 

MSC or progenitor cells in keloid disease may ultimately lead to the development of new and 

more effective treatments targeting either the stem cell microenvironment or the progenitors 

themselves. 

 

1.5.3 Fibroblasts 

Fibroblasts are an essential cell population within the human dermis. They are mesenchymal, 

spindle-shaped, adherent cells, which are capable of producing and remodelling the ECM of 

skin. In addition, fibroblasts play a pivotal role in wound healing, inflammation and fibrosis. 

However, fibroblasts are a heterogeneous cell population and furthermore, it remains difficult 

to distinguish between MSC and fibroblasts due to various similarities as mentioned 

previously. Multi-lineage differentiation potential of fibroblasts has been shown in a number of 

studies (76, 79). However, it remains unclear, which subsets of the fibroblast cultures are 

responsible for this differentiation potential. Furthermore, it has been shown that fibroblasts 

share cell surface marker expression with MSC (86). The fibroblasts origin and relation to 
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other mesenchymal cells remains uncertain. There are a number of potential progenitors from 

which fibroblasts could arise. Fibroblasts could be derived through resident fibroblast division, 

or through progenitors such as pericytes, circulating fibrocytes, dermal MSC, or through 

epithelial cells by epithelial-mesenchymal transition (EMT) (84). 

Fibroblast proliferation can increase during development and in disease such as hypertrophic 

scarring or in keloids, which ultimately will lead to fibrosis. A recent study by Rinkevich et al. 

identified a fibroblast lineage through genetic lineage tracing and transplantation assays, 

which is defined by embryonic expression of engrailed 1 (En1), responsible for the collagen 

deposition during embryonic development, wound healing and irradiation-induced fibrosis in 

mice (93). Rinkevich and colleagues revealed CD26, also called dipeptidyl peptidase-4 

(DPP4), as a surface marker of En1-positive fibroblasts with intrinsic fibrogenic potential. 

Furthermore, inhibition of CD26 in the wound bed of wild-type mice diminished scarring in a 

wound healing model (93). Thus, the authors identified a distinctive resident fibroblast lineage 

in murine skin responsible for fibrosis in wound healing with CD26 as a pro-fibrotic marker. An 

earlier study by Driskell et al. supports Rinkevich’s study as they also discovered two distinct 

fibroblast lineages involved in forming the embryonic dermal architecture in mice (85). 

However, they only reported CD26 as a marker of fibroblast lineages in the upper dermis 

during fetal development (85). 

In a recent publication, Philippeos and colleagues have identified four distinct fibroblast 

subsets in human skin through a combination of spatial and single-cell RNA sequencing (94). 

These populations include CD90+ CD39+ CD26- fibroblasts located in upper dermis, CD90+ 

CD36+ fibroblasts in the lower dermis representing pre-adipocytes as well as CD90+ CD39+ 

CD26+ and CD90+ CD39- RGS5- fibroblasts, which are found throughout the dermis (94).  

However, further evaluation of the functions of the recently identified fibroblast subsets in 

human skin samples is still required in order to confirm CD26 as a fibrotic marker in human 

skin. 
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1.5.4 Altered fibroblast behaviour in keloid scars 

The excessive scarring in keloids is caused by hyperproliferation and increased ECM 

deposition by fibroblasts. Numerous studies showed that production of ECM, including 

collagen, fibronectin, elastin, and proteoglycans is increased in keloid fibroblasts (95-101). 

Furthermore, it has been shown that the collagen 1 to collagen 3 ratio is increased in keloid 

scars due to increased collagen 1 expression and an unaltered collagen 3 expression (97, 

102, 103). However, a recent study by Syed and colleagues revealed increased collagen 1 

and collagen 3 expression in the growing margin of keloids compared to intralesional or 

perilesional sites (104). The elevated levels of ECM proteins may not only be due to an 

enhanced synthesis but also due to impaired degradation of ECM. Key regulators in matrix 

reorganising and remodelling are MMPs and their inhibitors tissue inhibitor of 

metalloproteinase (TIMPs). Numerous studies showed upregulation of several isoforms of 

MMPs and TIMPs in keloid tissue and keloid fibroblasts (98, 105, 106). Furthermore, the 

breakdown of ECM is also required for the invasiveness around the edge of the keloid into the 

surrounding normal skin.  Fujiwara et al. showed that enhanced MMP production can elevate 

the migratory activity of keloid fibroblasts in vitro, which may contribute to the invasive 

behaviour of keloid fibroblasts (98). 

Next to increased ECM secretion, keloid fibroblasts are thought to be both hyperproliferative 

and resistant to apoptosis, leading to an impaired balance between proliferation and apoptosis 

in keloid scars. Apoptosis plays an important role in the transition between granulation tissue 

and scar formation by reducing the cellularity of the scar tissue. Multiple studies have shown 

that keloid fibroblasts show reduced levels of apoptosis compared to control fibroblasts (107-

110). Furthermore, it has been shown that p53, a tumour suppressor, which is involved in DNA 

damage response by inducing cell cycle arrest or apoptosis, is elevated in keloid lesions (110). 

Studies by Saed et al. and De Felice and colleagues found mutations of p53 in keloids, which 

may be responsible for the reduced apoptosis in keloid scars (111, 112). In addition, Lu et al. 

investigated cell cycle distribution of fibroblasts from the central mass compared with the 
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margin of keloid scars using flow cytometry (113). Fibroblasts from either site were significantly 

refractory to Fas-mediated apoptosis (113). However, most fibroblasts from the peripheral 

sites of keloid scars were in the proliferative G2 and S phases of the cell cycle and showed 

low expression of p53, while fibroblasts from the keloid centre were in G0 or G1 phase and 

showed high expression of p53 (113). The microarray study by Seifert and colleagues reported 

elevated expression of apoptosis-inducing genes such as ADAM-12 in the centre of keloid 

scars, while apoptosis-inhibiting genes such as AVEN, a caspase activation inhibitor, were 

upregulated in the margin of keloid lesions (57). Increased levels of various caspases, which 

are cysteine proteases that play an essential role in apoptosis, were revealed for keloid 

fibroblasts (114, 115). Taken together, these findings suggest that the reduced apoptosis rate 

in keloid fibroblasts may be responsible for the high cellularity seen in keloid tissue. 

Furthermore, it may also lead to the increased ECM deposition in keloid scarring as fibroblasts 

continue to synthesise ECM molecules due to an inadequate apoptotic response. 

Various studies revealed that the cytokine profile of keloid fibroblasts is altered in comparison 

to control fibroblasts, including elevated expression of TGF-ß and connective tissue growth 

factor (CTGF) (116, 117). In addition, keloid fibroblasts express elevated levels of growth 

factor receptors and therefore have an enhanced response to cytokines and growth factors 

such as PDGF, insulin-like growth factor (IGF) and TGF-ß (118-121). TGF-ß plays a pivotal 

role in the initiation and termination of tissue repair. While TGF- β1 and TGF- β2 isoforms are 

the main regulators of collagen and proteoglycan synthesis and ECM breakdown, TGF- β3 is 

induced at later stages during wound healing and reduces ECM deposition. Sustained TGF-ß 

secretion is involved in fibrosis and TGF-ß upregulation has been reported in keloid fibroblasts 

(122). While TGF-β1 and TGF-β2 are overexpressed in keloids, no difference of TGF-β3 

expression has been reported for keloid fibroblasts compared to normal fibroblasts (117). 

Furthermore, exogenous TGF-ß stimulation can lead to increased collagen I expression in 

keloid fibroblasts in comparison to normal skin fibroblasts in vitro (122, 123). It has been shown 

that IGF-1, synergistically with TGF-ß, can stimulate increased expression of collagen I, 
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fibronectin and plasminogen activator inhibitor (PAI)-1 (124). Sma- and Mad-related proteins 

(SMADs) are intracellular mediators that act downstream of TGF-ß and transduce the signal 

into the nucleus. The TGF-ß receptors I and II as well as the SMAD proteins are highly 

expressed in keloids (121). SMADs are phosphorylated for activation and elevated levels of 

SMAD2, SMAD3 and the SMAD2/3/4 complex, which is formed upon activation, have been 

reported for keloid fibroblasts (125-127). He et al. showed that mitogen-activated protein 

kinases (MAPK), in particular the extracellular-signal-regulated kinase (ERK), c-Jun N-

terminal kinase (JNK) and p38 pathways, are mediators of the TGF-β1/SMAD signalling 

transduction (128). Inhibitors of ERK, JNK and p38 interfered with the TGF-β1/SMAD 

signalling and subsequently decreased PAI-1 expression in keloid fibroblasts and may 

therefore be potential targets for keloid therapy (128). Thus, the altered cytokine and growth 

factor responses may play a role in the aberrant healing leading to excessive scar formation 

in keloids by enhancing ECM production and cell recruitment. In particular, TGF-ß appears to 

be a key driver in the pathogenesis of keloid scars and therefore may be one of the most 

promising targets for keloid therapy. 

The Wnt/β-catenin signalling pathway has recently been reported to be involved in keloid 

pathogenesis (129-131). A recent study by Igota et al. identified Wnt5a as a potential trigger 

of the Wnt signalling pathway in keloid scars (45). Furthermore, Sato et al. provide evidence 

that TGF-β may induce the Wnt signalling pathway in keloid and hypertrophic scar fibroblasts 

(46). In addition, a signal transducer of the canonical Wnt pathway, nuclear β-catenin is 

increased in cultured keloid fibroblasts and has also been confirmed in tissue sections from 

keloid lesions (129, 130, 132, 133). Conversely, expression of the Wnt inhibitor secreted 

frizzled-related protein 1 (SFRP1) is decreased in keloids (116, 134). However, it remains 

uncertain whether Wnt agonists are the key drivers of ß-catenin activity as TGF-β has also 

been described to induce ß-catenin in human dermal fibroblasts (130). Thus, a major question 

to be answered is whether the ß-catenin signalling in keloid fibroblastic cells is driven by 

inflammatory mediators or mesenchymal factors such as Wnt ligands or TGF-ß. This 
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knowledge will allow the application of these mechanisms to identifying potential therapeutic 

approaches for treating keloid scars. 

One of the hypotheses of the origin of increased fibroblasts in keloid scarring is an increased 

EMT, where epithelial cells lose their epithelial adhesion and gain mesenchymal properties. 

Hypoxia, chronic inflammation and oxidative stress can induce EMT with TGF-ß, Wingless 

type (Wnt) and receptor tyrosine kinases activated by cytokines and growth factors as the key 

drivers of EMT (135, 136). A study by Ma et al. demonstrated high expression of hypoxia‑

inducible factor ‑ 1α (HIF ‑ 1α) in keloid tissue as well as transition of keloid-derived 

keratinocytes to a fibroblastic phenotype under hypoxic conditions (137). In addition, Yan et 

al. provide further evidence of EMT in keloid scarring such as loss of E-cadherin expression 

and expression of the mesenchymal markers vimentin and fibroblast-specific protein 1 (FSP1) 

in the epidermis of keloid tissue (138). Recently, Hahn and colleagues also observed EMT 

markers such as increased ß-catenin and reduced E-cadherin expression in keloid epidermis 

in situ and report that TGF-ß regulates the expression of multiple EMT-associated genes in 

keloid keratinocytes (139).  The occurrence of EMT not only suggests a potential origin of 

keloid fibroblasts but could explain the underlying molecular mechanisms responsible for the 

invasive and stem cell-like phenotype of fibroblastic cells in keloid scars.  

It is known that fibroblasts are a heterogeneous population and with Rinkevich’s and 

colleagues identification of an intrinsic fibrogenic potential of fibroblasts it now needs to be 

determined which fibroblast subsets are responsible for fibrosis and the invasiveness seen in 

keloid scarring and where these cells are located in the lesions. The marker Rinkevich et al. 

identified for an intrinsic fibrogenic potential in fibroblasts is CD26/DPP4, a cell-surface serine 

exopeptidase that is involved in immune regulation, T cell activation, in cytokine cleavage and 

is capable of binding ECM proteins such as collagen and fibronectin. Importantly, CD26 is 

associated with tumour invasiveness and growth and thus may play a role in the invasiveness 

of keloid scars (140). Thielitz et al. demonstrated a lower CD26/DPP4 activity and surface 

expression in cultured keloid fibroblasts compared to normal fibroblasts (141). Yet, the authors 
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investigated the effect of DPP4 inhibitors on keloid fibroblasts (141). The study demonstrated 

that the DPP4 inhibitors suppress fibroblast proliferation, decrease TGF-β1 and fibronectin 

expression as well as reducing collagen synthesis and matrix deposition (141). Thus, DPP4 

inhibitors may represent a novel therapeutic approach for the treatment of keloid scars. 

Fibroblast activation protein α (FAPα) is a protease related to CD26/DPP4 and has been 

similarly associated with tumour invasion. Dienus et al. showed increased FAPα expression 

in keloid fibroblast compared to normal fibroblasts in culture, which agrees with mRNA data 

from a previous study (57, 142). Inhibition of FAPα/DPP4 activity significantly decreased the 

invasiveness of keloid fibroblasts (142). Recently, a study by Xin et al. revealed increased 

expression of CD26 and elevated proportion of CD26+ fibroblasts derived from keloid scars 

compared to normal skin fibroblasts in vitro (143). CD26+ keloid fibroblasts showed increased 

proliferation and invasion abilities as well as increased expression of profibrotic genes 

including TGF-β1, IGF-1, IL6, collagen type I, collagen type III and fibronectin, in comparison 

to CD26- keloid fibroblasts (143). Thus, these studies suggest a potential role for the CD26+ 

fibroblast subset in keloid pathogenesis, which may be amenable to novel treatment 

strategies.  

Numerous other studies show fibroblast heterogeneity in keloid scarring, and that fibroblasts 

in distinct localisations have different phenotypes due to a different microenvironment. For 

instance, Syed et al. demonstrated that cultured fibroblasts from the growing margin of keloid 

lesions express more collagen I and collagen III than intralesional or extralesional fibroblasts 

in vitro (104). Furthermore, differences in growth factor expression have been shown with 

keloid lesions, for instance, CTGF has higher expression in the invasive margin of keloid scars 

(144). A microarray study by Seifert and colleagues showed differential expression of 105 

genes in different sites of keloid scars (57). In addition, Ashcroft et al. showed that keloid 

fibroblast from the margin of the keloid lesion exhibit increased paracrine signalling leading to 

enhanced expression of markers associated with fibrosis such as CTGF, PAI-1, and αSMA in 

normal skin fibroblasts. Thereby, keloid fibroblasts may promote growth of keloid scars 
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through switching a profibrotic phenotype on in fibroblasts surrounding the keloid lesion 

through paracrine signalling (145). A recent study by Jumper and colleagues combines laser 

capture microdissection and transcriptomic microarray to study differential gene expression in 

the centre, margin and extra-lesional keloid dermis in situ to increase the accuracy of findings 

over previous microarray studies using whole tissue or cultured fibroblasts (146).  It seems 

likely that the local microenvironment is responsible for different fibroblast phenotypes seen 

in keloid scars. In the literature, the keloid regions are often divided into the growing, invasive 

or proliferative margin and the mature keloid centre. Yet, many studies do not distinguish 

between the different locations of fibroblasts in the keloid tissue, which may be the reason for 

the controversy of many published keloids studies. It remains to be determined whether it is 

mainly the fibroblasts of the keloid margin responsible for the expansion of the keloid scar, or 

if the whole keloid mass is involved in keloid growth. Hence, fibroblast heterogeneity needs to 

be unravelled in keloid scarring in order to understand how these scars form and how best to 

treat them.  

 

1.5.5 Myofibroblasts 

Myofibroblasts are mesenchymal, spindle-shaped cells with characteristics of fibroblasts and 

smooth muscle cells. There are many different potential cellular origins for myofibroblast 

precursors including resident fibroblasts, MSC, pericytes, fibrocytes and keratinocytes through 

EMT (147) (Figure 1-4). Myofibroblasts can be activated through various stimulants such as 

TGF-β1, a key fibrotic cytokine, CTGF as a downstream mediator of TGF-β, and other signals 

by lymphocytes and macrophages (147). Myofibroblasts contain contractile bundles of αSMA, 

making them highly contractile. Furthermore, they excessively produce ECM and also 

irreversibly remodel the ECM (147). Therefore, myofibroblasts aid with wound contraction and 

closure but they are also a key cell population involved in fibrosis in numerous tissues and 

may play a role in the contracture of pathological scars such as hypertrophic or keloid scars. 
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1.5.6 Myofibroblasts in keloid pathogenesis 

To date, it is controversial as to whether there are myofibroblasts in keloid scars, and hence 

whether or not they contribute to pathogenesis in keloid scarring (148). Originally, αSMA has 

been used as a differentiation marker to distinguish between keloid scars and hypertrophic 

scars as only hypertrophic scars were thought to have a positive αSMA staining (149). 

However, more recent studies showed the expression of αSMA in both keloid scars and 

hypertrophic scars (150, 151). For instance, Lee et al. reported αSMA expression in 70% of 

the studied hypertrophic scars and in 45% of the keloids (151). Furthermore, Santucci et al. 

state that myofibroblasts are the primary cell type in keloid scars (152). Thus, αSMA is not a 

sufficient marker to differentiate between keloid scars and hypertrophic scars. However, it is 

hypothesised that as hypertrophic scars regress, myofibroblasts may undergo apoptosis and 

αSMA expression decline, while the expression of αSMA in keloid scars is supposed to remain 

over time (148, 152). Overall, the role of myofibroblasts requires further study, particularly 

whether there are differences in myofibroblast occurrence and localisation in keloid scars and 

whether myofibroblasts are relevant for the formation of keloid scars. 

 

 

Figure 1-4: Different origins of myofibroblasts 

Reprinted with permission from Springer Nature, Nature Reviews Rheumatology, Lafyatis et al. (2014) (153). 
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1.5.7 Pericytes 

Pericytes are mesenchymal cells that surround endothelial cells and the basement membrane 

of blood vessels. Although pericytes share similar marker expression with fibroblasts and 

MSC, they can be identified by expression of some pericyte markers including neural/glial 

antigen 2 (NG2), regulator of G protein signalling 5 (RGS5) and CD146, also known as 

melanoma cell adhesion molecule (MCAM) (154, 155).  

As a result of their location pericytes are important regulators of vascular maintenance (154). 

For instance, they can express αSMA and myosin, which enables them to regulate vessel 

constriction (154). Through interaction with endothelial cells, pericytes are involved in 

angiogenesis by promoting endothelial cell migration and proliferation (156). Alongside their 

vascular functions, pericytes also contribute to inflammation and wound healing through 

multiple functions including controlling vessel permeability as well as transmigration and 

trafficking of immune cells (154, 157).  

Additionally, numerous studies suggest that pericytes are progenitor cells or MSC due to their 

shared surface marker expression as well as their multi-lineage differentiation potential of 

some pericyte subsets (158-160). However, a recent publication reports that cells that are able 

to differentiate in vitro do not possess these MSC characteristics in vivo when their fate was 

investigated in ageing and injury models (161). This not only challenges the current pericyte 

literature, suggesting a progenitor function of pericytes, but also studies investigating MSC 

and progenitors cells and their differentiation potentials in vitro. 

Based on their involvement in angiogenesis, their immunological functions and their potential 

source of myofibroblasts, pericytes are thought to also play a role in tissue fibrosis (162). This 

raises the question of whether pericytes are also involved in the formation of keloid scars. 
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1.5.8 Pericytes in keloid scarring 

To date, little is known about pericyte function in keloid scarring. The first mention of the 

involvement of pericytic cells in keloid scarring was when Kirscher et al. reported occlusion of 

microvessels in keloid scars and hypertrophic scars and hypothesise that this may be due to 

increased numbers of endothelial cells and contraction of perivascular myofibroblasts 

surrounding the capillaries (163). Furthermore, the authors postulate that these pericytes 

resembling myofibroblasts may migrate from their position surrounding the microvessels into 

the interstitial area and thereby may ultimately be the source of fibroblasts within the wound 

area (163). In addition to this, it has been suggested that hypertension may contribute to keloid 

scarring as a risk factor, which may also affect pericyte function through hypoxia (164).  Taken 

together, pericytes may be involved in keloid pathogenesis. However, further research 

investigating the role of pericytes in skin fibrosis is required to fully understand their impact on 

keloid scar formation and progression. 

 

1.5.9 Immune cells 

The skin plays a pivotal role in immunity as a physical barrier to environmental pathogens and 

by harbouring various immune cells, which control skin immunity by contributing to adaptive 

and innate immune functions. Memory T lymphocytes and epidermal dendritic cells (DC), also 

called Langerhans cells, are the main cell types in the epidermis, while mast cells, 

macrophages, different DC subsets, innate lymphoid cells and T cell subsets are located in 

the dermis (165). Langerhans cells are activated by inflammatory signals or pathogens and 

subsequently migrate from the skin to a regional lymph node, subsequently presenting antigen 

to T cells or antigen-presenting DCs. DCs located in the dermis take antigens up in a similar 

manner and also migrate and present the antigen in regional lymph nodes. However, many 

questions considering the different functions of various APC subsets in skin remain to be 

answered. Resident mast cells and macrophages are capable of responding to pathogens by 

secreting proteases, and inflammatory cytokines. The memory αβ T cells in skin consist of 
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both CD4+ T helper cells and CD8+ cytotoxic T cells, and can be distinguished into four 

different populations of either resident or recirculating memory T cells (166). The dermis also 

harbours γδ T cells, which are involved in regulation of macrophage recruitment and infiltration 

during inflammation by releasing cytokines and chemokines (165). Immune cells in skin are 

not only crucial for the regulation of the natural skin immunity but they are also mediators of 

the wound healing process and are involved in pathological scarring. 

 

1.5.10 Immune cell infiltrates in keloid scarring 

Multiple histological studies have investigated immune cell populations within keloid tissue. It 

appears that keloid scars exhibit some sort of chronic inflammation, which is shown by 

increased numbers of immune cells, mainly consisting of lymphocytes and macrophages. 

Macrophages are essential mediators of the transition from the inflammatory phase to 

subsequent phases of the wound healing process. It is hypothesised that the inflammatory 

phase is prolonged in keloid scarring, which could lead to enhanced recruitment of 

macrophages into the scar tissue. In fact, it has been shown that macrophages are increased 

in keloid tissue compared to normal skin (167, 168). Although many macrophage phenotypes 

can be observe in human tissues, much of the literature still divides them for convenience into 

classically activated macrophages (M1, CD68+) and alternatively activated macrophages 

(M2), which are positive for CD163. However, it has to be noted that this classification is 

probably an over-simplification of macrophage phenotypes. In brief, M1 macrophages are 

thought to be required during the inflammatory phase to kill pathogens and scavenge debris, 

while M2 macrophages have a more pro-fibrotic function and play a role in the later phases 

when new tissue is formed (169). Both types have been shown to be increased in keloid scars; 

however, M2 macrophages are the more substantial subset in keloid scars (168). 

Macrophages have been found in close relation to other cell populations within the keloid 

tissue suggesting potential paracrine interaction with other cell types including fibroblasts and 

lymphocytes (167, 170). M2 macrophages, in particular, are thought to potentially mediate 
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fibrosis through secreting cytokines and growth factors such as TGF-β and PDGF and thereby 

stimulating fibroblasts and lymphocytes (171). Liao et al. demonstrated that CD14+ monocytes 

may enhance fibroblast proliferation by releasing the monocyte chemoattractant protein-1 in 

keloid scars (172), while a recent study reports that CD14+ M2 macrophages from keloid scars 

may induce forkhead box P3 (FOXP3) expression in T cells thereby promoting differentiation 

to regulatory T cells (Treg) (173). However, it is important to note that although Tregs were 

originally defined as FOXP3 and CD25 expressing T cells, FOXP3 may not be a sufficient 

marker to define Tregs as activated T cells can also express FOXP3 in humans (174). 

To date, there is limited knowledge about APCs in keloid tissue. Bagabir et al. found no 

difference between keloid scars and normal skin and normal scar using the marker CD207, 

also called Langerin, which is a specific marker for Langerhans cells (168). However, in the 

same study, the authors detected follicular dendritic cells using the marker CD21 in some of 

the lymphoid aggregates (168). Santucci and colleagues assessed expression of CD1a as an 

APC marker and detected positive staining in 40% of investigated keloid samples (152).  

Lymphocytes are a subset of leukocytes with a single round nucleus that can be divided into 

natural killer cells, T cells and B cells. Increased levels of B lymphocytes have been detected 

in some studies at all lesional sites of keloid scars compared to control tissues using the B cell 

marker CD20 (168, 170). This is contradictory to previous studies, which did not detect an 

increase of B lymphocytes in keloid scars using different markers (167, 175). It has been 

reported that even though there is an increase in B cells, the main lymphocyte infiltrate 

consists of T cells (170). Numerous studies have investigated T cell infiltration in keloid tissue 

and reported elevated levels of CD3+ T cells in keloid scars, which are mainly located 

perivascularly, but also dispersed within the tissue (152, 167, 168, 170, 173). Furthermore, it 

has been reported that the CD4 (T helper cells) to CD8 (cytotoxic T cells) ratio is increased in 

keloid scars (167, 168). The immunophenotyping study of Bagabir and colleagues revealed a 

pattern of the inflammatory infiltrates in keloid scars, which the authors labelled ‘keloid-

associated lymphoid tissue’ (KALT) (168). However, these aggregates were only seen in 15% 
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of the 68 investigated keloid samples. The phenotype of these KALTs can be distinguished 

into organised or diffuse lymphoid aggregates that are characterised by either organised 

regions of T and B cell localisation or a diffuse arrangement of T and B cells within the KALT 

(168). Murao et al. investigated the role of Treg in keloid scarring and found that the number 

of FOXP3+Tregs is relatively decreased in keloid scars compared to controls, and that Treg-

enriched CD4+ T lymphocytes reduce collagen production in keloid fibroblasts in vitro (176). 

Similarly, Chen et al. showed that there are reduced numbers of CD4+ CD25high FOXP3+ 

Tregs in the peripheral blood of patients with multiple keloid scars (177). While overall, there 

was a higher percentage of CD8+ memory T cells identified in keloid scars than in healthy skin 

with decreased potential to produce tumour necrosis factor α (TNFα) and increased interferon 

γ (IFNγ) production (177). However, a recent study found significantly increased numbers of 

FOXP3+ Tregs in keloid tissues compared peripheral blood from patients with keloid scars 

(173). Therefore, the contribution of different lymphocyte subsets such as Tregs to the 

formation of keloid scars remains to be further investigated. 

In summary, the increased number of lymphocytes and the imbalance of the lymphocyte 

subpopulations are likely to be involved in the development of keloid scars. Further research 

is required to understand the functional state of the lymphocyte infiltrates seen in the keloid 

tissue. For instance, TGF-ß is a key cytokine upregulated in keloid scars and is known to 

inhibit FOXP3 function, which may be the reason for the reduced levels of Tregs reported by 

Murao et al. and Chen et al. However, TGF-ß is also known to stimulate Th17 development, 

which mainly produces interleukin-17 (IL-17) and express the transcription factor retinoid-

related orphan receptor γt (RORγt). As TGF-ß and IL-17 are upregulated in keloid scars, it 

remains to be determined whether the there is an influx of Th17 cells in keloid tissue. 

Mast cells are mainly known for their role in allergic reactions, however, they are also involved 

in wound healing (178). When mast cells are activated, they release histamine and heparin, 

which they store in granules. Multiple studies have shown an increase of mast cells within 

keloid tissue, which may be responsible for itchiness of keloid scars (168, 179, 180). Mature 
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mast cells, which express tryptase, and degranulated mast cells have been found significantly 

increased in keloid scars in comparison with both normal scar and normal skin (168). Studies 

have shown that direct cell-cell contact between mast cells and keloid fibroblasts may play a 

role in keloid pathogenesis (181, 182). Dong et al. showed that the serine protease which can 

be found in the granules of mast cells is able to promote proliferation and collagen synthesis 

of keloid fibroblast in culture by activating the TGF-β1 pathway (180). Thus, mast cells appear 

to promote the fibrotic behaviour of keloid fibroblasts through intercellular communication. 

In conclusion, there is no doubt that immune cell infiltrates play a pivotal role in keloid formation 

and are key drivers of aberrant scarring. Yet, it is unknown whether inflammation is causative 

or if the immune cells recruitment is epiphenomenal in the aetiology of keloid scarring. Either 

way, there is no doubt that targeting the enhanced inflammation of keloid scars is 

therapeutically beneficial as current treatments such as corticosteroid injections have shown. 

However, more targeted therapies for specific inflammatory pathways or inflammatory cell 

populations may have better therapeutic outcomes, and therefore we need a better 

understanding of immune cell infiltrates and their role in keloid formation. 

 

1.6. Conclusion 

In conclusion, there is a current lack of clear definitions and unique markers to distinguish 

between the different mesenchymal cell populations such as mesenchymal stem cells and 

fibroblasts. Better knowledge is required for not only a fundamental understanding of skin 

homeostasis, wound healing and skin repair but also to understand their function in 

pathological scarring such as keloid scars. It appears that keloid disease is multifactorial and 

includes not only genetic predisposition, environmental factors, but also various cell 

populations and signalling pathways. In order to find more effective treatments for keloid 

scarring, we need to clarify the origin of the fibroproliferative cells in keloid scars and identify 

the pivotal pathways that induce the pathological behaviour of keloid cells.  
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1.7. Research aims 

Considering the lack of understanding of the heterogeneous mix of mesenchymal cell 

populations in healthy human dermis and keloid scarring, the focus of this thesis is to identify 

key mesenchymal cell populations and characterise their functions in keloid pathogenesis 

using advanced techniques such as multicolour flow cytometry and RNA sequencing. 

The first aim is to develop a novel multicolour flow cytometry panel enabling us to assess the 

complex mix of mesenchymal cells of fresh human dermis and keloid tissue. 

Furthermore, we aimed to use the multicolour flow cytometry panel to analyse the complex 

mix of cells and to identify key mesenchymal cell populations in human dermis and in keloid 

scars. 

Following this, the key populations identified above were then isolated by FACS and 

characterised using RNA sequencing in order to understand their functions in health and 

disease and to reveal new molecular targets for keloid treatment. 

Finally, we aim to improve our understanding of the molecular mechanisms of keloid formation 

by determining critical molecular pathways that are stimulated in keloid cells by studying 

differences in the expression of potential key regulators and transcription factors that are 

important for proliferation, stemness and invasiveness between healthy dermis and keloid 

scar. 

Overall, this project links fundamental knowledge through to the identification of potential 

targets for keloid treatment. In addition, increased knowledge of the mesenchymal cells in 

human dermis, and the factors that regulate their behaviour will have wider applicability, 

including in other dermal conditions with mesenchymal dysfunction. 
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 Material and methods 

2.1. Materials 

2.1.1 Buffers and solutions 

Aqueous solutions were sterilized either by autoclaving at 121°C and 15 psi pressure for 

20 min or by filtration through a 0.22 μm membrane. 

 

Table 2-1: Buffers and solutions 

Buffer Constituents 

PBS 2.7mM KCl, 1.8mM KH2PO4, 137mM NaCl, 10mM Na2HPO4, pH 7.4  

TBS 50mM Tris HCl, 150mM NaCl pH 7.6  

FACS buffer 1% FBS, 2mM EDTA in PBS 

Sort buffer 5% FBS, 2mM EDTA, 25nM HEPES in HBSS 

5X Neutralisation buffer 

for collagen invasion 
5X DMEM, 25% FBS in7.5% sodium bicarbonate 

PBS, Phosphate-buffered saline; TBS, Tris-buffered saline; FBS, Fetal bovine serum; DMEM Dulbecco’s modified 

Eagles’s medium; HEPES, Hank's Balanced Salt Solution 

 

2.1.2 Culture media, cell maintenance and cryopreservation 

Media used for dermal cell culture was high-glucose Dulbecco’s modified Eagles’s medium 

(DMEM) (Gibco®, Life technologies) supplemented with 100 U/mL penicillin and 100 μg/mL 

streptomycin (Gibco®, Life technologies) and is denoted throughout as D0. D0 supplemented 

with 10% fetal bovine serum (FBS) (Gibco®, Life technologies) is denoted as DF10. All cells 

in this study were cultured at 37°C with 5% CO2 in a humidified incubator. To sub-culture cells 

after reaching approximately 80% confluence, culture media was removed from the culture 

dishes and discarded. Fibroblast cultures were harvested using TrypLE™ Express Enzyme 

(Gibco®, Life technologies) by covering the monolayer with TrypLE™ Express Enzyme and 

incubating the flask at 37°C until all cells have detached. TrypLE™ Express Enzyme was 
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neutralised by adding at least twice the volume of DF10, and cell suspensions were 

subsequently spun for 5 min at 400 g. After centrifugation, the supernatant was discarded and 

the cell pellet was resuspended in fresh DF10. Cells were seeded into a fresh cell culture dish 

at a viable cell density.   For the culture of peripheral blood mononuclear cells (PBMCs), RPMI 

1640 (Gibco®, Life technologies) media supplemented with 10% FBS was used. 

Cells were cryopreserved in a cryovial resuspended in 0.5 mL of the appropriate culture 

medium mixed with an equal volume of freezing media containing 80% FBS and 20% DMSO 

(Sigma). Cryovials were placed in an isopropanol freezing container and frozen at a controlled 

rate to -80°C. Subsequently, cryovials were transferred and stored in liquid nitrogen. 

 

Table 2-2: Culture media used in this study 

Medium Details Use 

D0 

High-glucose DMEM supplemented with 1x 

Pen/strep (Gibco®, Life technologies) and 

1x GlutaMAX™ (Gibco®, Life 

technologies) 

Dermal stromal populations 

DF10 
D0 with 10% v/v FBS (Gibco®, Life 

technologies) 
Dermal stromal populations 

DF1 
D0 with 1% v/v FBS (Gibco®, Life 

technologies) 
Dermal stromal populations 

R0 

RPMI 1640 (Gibco®, Life technologies) 

supplemented with 1x Pen/strep (Gibco®, 

Life technologies) and 1x GlutaMAX™ 

(Gibco®, Life technologies) 

PBMC 

RF10 
R0 with 10% v/v FBS (Gibco®, Life 

technologies) 
PBMC 

Freezing media 
80% v/v FBS (Gibco®, Life technologies), 

20% v/v DMSO (Sigma). 
Cryopreservation 

PBMC peripheral blood mononuclear cell 
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2.2. Skin and scar tissue samples 

2.2.1 Normal skin, normal scar and keloid scar tissue 

Healthy skin, normal scar and keloid scar tissues used in this study were provided by 

collaborators from Middlemore Hospital (Auckland, New Zealand). Patients or the next of kin 

gave written informed consent, under protocols approved by the University of Auckland 

Human Participants Ethics Committee (Reference 9358) and the Counties Manukau District 

Health Board Research Office (Registration number 1448) (Auckland, New Zealand). 

Tissues investigated in this study were obtained from patients undergoing elective plastic 

surgery procedures. Age and gender information for all patients are summarised in Table 2-3, 

Table 2-4 and Table 2-5. 

 



 

 

 

 

Table 2-3: Keloid samples used in this study 

Donor # Gender Age Ethnic 

background 

Site Cause Prev. 
steroid 
injection 

Age of 

scar 

(Years) 

FC IHC CC RNA Seq 

DPC02K M 73 Middle Eastern Chest Cardiac surgery scar Multiple 6.5 Cultured Yes Yes Cell line 

DPC06K M 22 Samoan Back Acne Nil 7.5 Cultured Yes Yes Cell line 

DPC17K F 36 Chinese Earlobe Ear piercing 3 3  Yes   

DPC18K M 16 NZ Maori Earlobe Ear piercing Nil 2.5 Cultured Yes Yes Cell line 

DPC19K F 23 NZ European Earlobe Ear piercing 2 6  Yes   

DPC20K M 55 Cook Islands 

Maori 

Earlobe Acne keloidalis nuchae Nil 4  Yes   

DPC21K F 16 Tongan Earlobe Ear piercing Nil UK Tissue/ 

Cultured 

Yes Yes Uncultured 

DPC24K F 20 Fijian Indian Earlobe Ear piercing Nil UK  Yes   

DPC27K M 23 Samoan Chest Acne 5 8 Tissue/ 

Cultured 

Yes Yes Uncultured 

DPC30K F 32 Indian Chest Acne 5 16 Tissue    

DPC32K B F 22 NZ Maori Back Trauma Nil 3 Tissue Yes  Uncultured 

DPC32K E F 22 NZ Maori Ear Ear piercing Nil 3 Tissue    

DPC34K F 16 NZ European Ear Ear piercing Nil 3 Tissue    

DPC35K F 21 Samoan Ear Ear piercing Nil 9 Tissue   Uncultured 

DPC36K F 21 Samoan Ear Ear piercing Nil 2 Tissue   Uncultured 

FC  Analysed by flow cytometry; IHC  analysed by immunohistochemistry; CC  used in in vitro cell culture experiments; RNA Seq  analysed by RNA sequencing 



 

 

 

 

Table 2-4: Normal skin samples used in this study 

Donor # Gender Age Site FC IHC CC RNA Seq 

S53 F 37 Abdomen Cultured  Yes  

S66 F 69 Abdomen Cultured Yes Yes Cell line 

S67 F 47 Abdomen  Yes Yes Cell line 

S70 F 64 Abdomen Cultured  Yes  

S71 F 40 Abdomen   Yes  

S72 F 64 Abdomen  Yes   

S73 F 53 Abdomen  Yes   

S75 F 54 Abdomen   Yes  

S80 F 26 Breast Tissue Yes   

S83 F 59 Breast Cultured Yes Yes Cell line 

S85 F 49 Abdomen Tissue    

S87 F 51 Breast Tissue   Uncultured 

S89 F 54 Abdominal Tissue Yes  Uncultured 

S90 F 35 Breast Tissue   Uncultured 

S93 F 53 Abdomen Cultured Yes Yes  

S95 F 44 Abdomen Tissue    

S111 F 37 Breast Tissue   Uncultured 

S115 M 50 Abdomen    Uncultured 

FC  Analysed by flow cytometry; IHC  analysed by immunohistochemistry; CC  used in in vitro cell culture experiments; RNA Seq  analysed by RNA sequencing 

 



 

 

 

 

 

 

 

 

Table 2-5: Normal scar samples used in this study 

Donor # Gender Age Ethnic background Site Cause Age of scar  FC IHC CC 

DPC03S F 49 SE Asian Breast Surgical scar 10 months  Yes  

DPC04S M 23 Samoan Foot Skin graft 17 months  Yes  

DPC05S F 69 NZ European Abdomen Surgical scar 26 years  Yes  

DPC09S F 51 European Breast Surgical scar 15 months  Yes  

DPC12S F 62 NZ European Breast Surgical scar 26 years  Yes  

DPC15S F 45 NZ European Breast Surgical scar 8 months  Yes  

FC  Analysed by flow cytometry; IHC  analysed by immunohistochemistry; CC  used in in vitro cell culture experiments; RNA Seq  analysed by RNA sequencing 
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2.3. Tissue processing and cell culture 

2.3.1 Single cell-suspensions for flow cytometry and cell culture 

Single-cell suspensions were prepared from normal skin and keloid tissue within 4 h after 

surgery. Subcutaneous fat and hypodermis were trimmed away and dermis was heavily 

scored using a scalpel. To separate epidermis and dermis, scored tissue was digested using 

D0 containing 1mg/mL Dispase (Gibco®, Life technologies) at 37ºC/ 5% CO2 overnight. The 

following day, epidermis was separated from dermis using forceps. Epidermis was placed into 

DF10 and mechanically disrupted using a scalpel. To further facilitate tissue dissociation, cell 

suspension was gently passed through a pipette repeatedly. Epidermal cell suspension was 

passed through a 100 μm nylon mesh, washed and cryopreserved until required. 

After separation of epidermis and dermis, dermis was digested in D0 containing 0.5 mg/mL 

Collagenase type I (Gibco®, Life technologies) at 37ºC/ 5% CO2 overnight. The following day, 

the dermis was placed into DF10, teased with a scalpel and gently passed through a pipette 

repeatedly to further disrupt the tissue. Both, DF10 and collagenase containing medium were 

passed through a 100 μm nylon mesh. Dermal cell suspension was washed and 

cryopreserved until use. 

 

2.3.2 Generation of dermal fibroblast cell lines 

Human dermal fibroblast cell lines of keloid fibroblasts and normal skin fibroblasts were 

established by culturing the dermal single cell suspensions (Section 2.3.1) for 10-14 days in 

DF10. Non-adherent cells were washed away one day after seeding. Adherent cells were 

cultured until confluent and split into new cell culture flasks. Culture media was replaced every 

3-4 days during cell culture. Cells between passages 2 and 7 were used for flow cytometric 

analysis, RNA sequencing, immunocytochemistry and in vitro analysis of proliferation, and 

migration and invasion properties.  
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2.4. Multicolour immunofluorescence microscopy 

2.4.1 Immunohistochemistry of frozen skin and scar sections 

Fresh tissue samples were embedded in TissueTek OCT compound (Sakura Finetek, 

Zoeterwoude, The Netherlands), snap frozen in liquid nitrogen and subsequently cut into 5 μm 

thick sections using a cryostat. 5 μm transverse sections were fixed using ice-cold acetone for 

5 min and rehydrated in TBS for 10 min. The fixed sections were then blocked with 0.25% 

casein and 10% human serum in a humidity chamber. The tissue sections were labelled with 

the primary antibodies in TBS supplemented with 10% human serum for 1 h at RT. The 

primary antibodies used for this study are listed in Table 2-6. To visualise staining, tissue 

sections were incubated with secondary corresponding isotype-specific goat anti-mouse or 

goat anti-rabbit fluorophore-conjugated antibodies as listed in Table 2-7 and DAPI nuclear 

stain. After washing in TBS, tissue sections were mounted using ProLong® Gold Antifade 

Reagent (Invitrogen). 

Images were obtained using Leica DMR fluorescent microscope, equipped with the epi-

fluorescent filters: UV, 450–490 nm, 530–560 nm and 590–650 nm. Images were acquired at 

RT using 5x/0.15 numerical aperture (NA), 10x/0.30 NA, 20x/0.50 NA and 40x/0.7 NA Leica 

objectives, and captured using Leica DC500 Digital camera or SPOT camera (Sterling 

Heights, USA) and analySIS FIVE software (Olympus, Tokyo, Japan). Images were processed 

using Cytosketch Software (CytoCode, Auckland, New Zealand). 

For quantitative analysis, five random images were taken at 20x magnification for lower and 

upper dermis of tissue sections. Positive staining was quantified using Metamorph software 

(Universal Imaging). Graphpad Prism 4 software (GraphPad Software Inc, California, USA) 

was used to perform statistical analysis. A p-value of <0.05 was considered significant. 
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Table 2-6: Primary antibodies used in IHC 

Antigen Species Clone Catalogue # Manufacturer 

active-β-catenin Mouse 8E7 05-665 Millipore 

BMI1 Mouse 1.T.21 ab14389 Abcam 

CD26 Mouse BA5b 302702 BioLegend 

CD34 Rabbit EP373Y ab81289 Abcam 

CD36 Mouse 185-1G2 ab76521 Abcam 

CD73 Mouse 2B6 ab66953 Abcam 

CD90 Mouse F15-42-1 MCA90 Serotec 

CD90 Mouse Thy-1A1 MAB2067 R&D Systems 

CD144 Mouse 55-7H1 555661 BD Biosciences 

CD144 Mouse BV9 348502 BioLegend 

CD146 Rabbit EPR3208 ab75769 Abcam 

CD271 Mouse ME20.4 345101 BioLegend 

FAP Mouse F19 - Ludwig Institute 

Podoplanin Rat NC-08 337001 BioLegend 

Twist1 Mouse 10E4E6 ab175430 Abcam 

 

 

Table 2-7: Secondary antibodies used for IHC and ICC 

Secondary antibody Fluorochrome Species Cat # Manufacturer 

Anti-mouse IgG1 (γ1) Alexa Fluor® 488 Goat A21121 Molecular Probes 

Anti-mouse IgG1 (γ1) Alexa Fluor® 555 Goat A21127 Molecular Probes 

Anti-mouse IgG1 (γ1) Alexa Fluor® 647 Goat A21240 Molecular Probes 

Anti-mouse IgG2a (γ2a) Alexa Fluor® 488 Goat A21131 Molecular Probes 

Anti-mouse IgG2a (γ2a) Alexa Fluor® 555 Goat A21137 Molecular Probes 

Anti-mouse IgG2a (γ2a) Alexa Fluor® 647 Goat A21241 Molecular Probes 

Anti-mouse IgG2b (γ2b) Alexa Fluor® 488 Goat A21141 Molecular Probes 

Anti-rabbit IgG (H+L) Alexa Fluor® 488 Goat A11008 Molecular Probes 

Anti-rabbit IgG (H+L) Alexa Fluor® 555 Goat A21428 Molecular Probes 

Anti-rabbit IgG (H+L) Alexa Fluor® 647 Goat A21244 Molecular Probes 

Anti-rat IgG (H+L) Alexa Fluor® 488 Goat A11006 Molecular Probes 
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2.4.2 Multi-colour immunocytochemistry (ICC) 

Prior to antibody staining, cells were washed with TBS, fixed with ice-cold methanol for 5min, 

and blocked with 0.25% casein and 10% human serum at RT. Cells were then stained with 

primary antibodies (Table 2-8) for 1h at RT. Cells were subsequently washed with TBS and 

incubated with appropriate isotype-specific goat anti-mouse or goat anti-rabbit secondary 

antibodies conjugated to a fluorochrome (Table 2-7) and DAPI nuclear stain at 0.0005% w/v 

for 30 min at RT. After secondary antibody staining, cells were washed with TBS. Slides were 

mounted using ProLong® Gold and 0.4mg/ml thimerosal in TBS was added to 96-well plates. 

Cells in 96-well plate were imaged using Operetta High Content Imaging system (Perkin 

Elmer, Waltham, MA) and staining was analysed using Columbus™ Image Data Storage and 

Analysis system (Perkin Elmer, Waltham, MA). Final figures were generated using Cytosketch 

Software (CytoCode, Auckland, New Zealand). 

 

Table 2-8: Primary antibodies used in ICC 

Antigen Species Clone Catalogue # Manufacturer 

Twist1 Mouse 10E4E6 ab175430 Abcam 

ki67 Rabbit SP6 ab16667 Abcam 

αSMA Mouse 1a4 CM202M95 Cell Marque 
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2.5. Multicolour flow cytometry 

2.5.1 Cell surface staining of dermal cells 

For multi-colour flow cytometry analysis of dermal cell populations, frozen dermal cells from 

normal skin and keloid scars were thawed and subsequently washed with DF10. Cell pellets 

were resuspended in DF10 supplemented with 50 U/mL Benzonase® Nuclease (Merck 

Millipore), and cells were rested for 1 h at 37ºC/ 5% CO2. Prior to antibody staining, cells were 

passed through a 100 μm nylon mesh, washed and resuspended in PBS containing 

1% human serum and 2 mM EDTA.  For analysis of cultured cell lines, adherent cells were 

harvested using TrypLE™ Express Enzyme (Gibco®, Life technologies), washed, and 

resuspended in PBS containing 1% human serum and 2 mM EDTA. 

Cells were stained with antibodies conjugated to a fluorophore (Table 2-9) at pre-titrated doses 

in a final concentration of 50 μL on ice for 30 min. Before analysis, cells were washed twice 

and DAPI (1:5000) was added to assess cell viability. The antibody panels used for 

polychromatic flow cytometry analysis of dermal cell populations are shown in Table 2-10. 
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Table 2-9: Antibodies used for flow cytometry analysis of cell surface markers 

Antigen Fluorochrome Clone Catalogue # Manufacturer 

CD26 FITC BA5b 302704 Biolegend 

CD26 APC BA5b 302709 Biolegend 

CD31 BV480 WM59 566144 BD Biosciences 

CD31 BV605 WM59 562855 BD Biosciences 

CD31 FITC WM59 303104 Biolegend 

CD31 APC-Cy7 WM59 303120 Biolegend 

CD34 BUV395 581 563778 BD Biosciences 

CD34 PerCp-Cy5.5 581 343521 Biolegend 

CD34 BV510 581 343528 Biolegend 

CD36 APC-Cy7 5-271 336214 Biolegend 

CD36 BV605 CB38 563518 BD Biosciences 

CD36 BV786 CB38 custom BD Biosciences 

CD36 APC 5-271 336208 Biolegend 

CD45 BV650 HI30 304043 Biolegend 

CD45 BUV395 HI30 563791 BD Biosciences 

CD45 BUV805 HI30 564915 BD Biosciences 

CD73 BV421 AD2 344007 Biolegend 

CD73 BV421 AD2 562430 BD Biosciences 

CD90 Alexa 700 5E10' 328119 Biolegend 

CD105 PE-Cy7 SN6 25-1057-42 ebioscience 

CD117 BV650 104D2 563859 BD Biosciences 

CD141 BV785 M80 344116 Biolegend 

CD141 BB515 1A4 565084 BD Biosciences 

CD141 FITC AD5-14H12 130-098-843 Miltenyi 

CD141 APC M80 344106 Biolegend 

CD146 BV421 P1H12 361003 Biolegend 

CD146 BV711 P1H12 563186 BD Biosciences 

CD144 PerCp-Cy5.5 55-7H1 561566 BD Biosciences 

CD144 BV421 55-7H1 565671 BD Biosciences 

CD271 PE-CF594 C40-1457 563452 BD Biosciences 

CD271 PE ME20.4 345106 Biolegend 

FAP APC 427819 FAB3715A-025 R&D Systems 

HLA-DR BV605 G46-6 562845 BD Biosciences 

HLA-DR BV785 L243 307641 Biolegend 

HLA-DR BV785 G46-6 564041 BD Biosciences 

PDPN PE NC-08 337004 Biolegend 

SSEA3 Alexa 647 MC-631 330307 Biolegend 

SSEA4 Alexa 488 MC-813-70 330411 Biolegend 
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Table 2-10: Mesenchymal cell panel for polychromatic flow cytometry 

A Mesenchymal panel for uncultured cells from human dermis and keloid scars; B Panel for cultured fibroblasts;  
C Panel for FACS 

Panel Antigen Fluorochrome Clone Catalogue # Manufacturer 

A CD26 FITC BA5b 302704 Biolegend 
PDPN PE NC-08 337004 Biolegend 
CD271 PE-CF594 C40-1457 563452 BD Biosciences 
CD144 PerCp-Cy5.5 55-7H1 561566 BD Biosciences 
CD105 PE-Cy7 SN6 25-1057-42 ebioscience 
FAP APC 427819 FAB3715A-025 R&D Systems 
CD90 Alexa 700 5E10' 328119 Biolegend 
CD36 APC-Cy7 5-271 336214 Biolegend 
CD34 BUV395 581 563778 BD Biosciences 
CD73 BV421 AD2 344008 Biolegend 
CD31 BV480 WM59 566144 BD Biosciences 
HLA-DR BV605 G46-6 562845 BD Biosciences 
CD45 BV650 HI30 304043 Biolegend 
CD146 BV711 P1H12 563186 BD Biosciences 

B CD26 FITC BA5b 302704 Biolegend 

PDPN PE NC-08 337004 Biolegend 

CD271 PE-CF594 C40-1457 563452 BD Biosciences 

CD144 PerCp-Cy5.5 55-7H1 561566 BD Biosciences 

FAP APC 427819 FAB3715A-025 R&D Systems 

CD90 Alexa 700 5E10' 328119 Biolegend 

CD34 BUV395 581 563778 BD Biosciences 

CD73 BV421 AD2 344008 Biolegend 

CD45 BV650 HI30 304043 Biolegend 

CD146 BV711 P1H12 563186 BD Biosciences 

C CD26 FITC BA5b 302704 Biolegend 

CD271 PE-CF594 C40-1457 563452 BD Biosciences 

FAP APC 427819 FAB3715A-025 R&D Systems 

CD90 Alexa 700 5E10' 328119 Biolegend 

CD34 BUV395 581 563778 BD Biosciences 

CD144 BV421 55-7H1 565671 BD Biosciences 

CD146 BV421 P1H12 361003 Biolegend 

CD45 BV650 HI30 304043 Biolegend 
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2.5.2 Live cell sorting using FACS 

For isolation of CD26+ FAP+ cell population and CD271+ cell population using FACS, healthy 

skin and keloid dermal cells were thawed in DF10, washed, and subsequently rested in DF10 

containing Benzonase® Nuclease (10 U/mL) (Merck Millipore) at 37ºC/ 5% CO2 for 1h.  After 

resting, cells were washed and resuspended in sorting buffer consisting of Hanks' Balanced 

Salt Solution (HBSS) (Gibco®, Life technologies) containing 5% FBS, 2mM EDTA and 

25mM HEPES, supplemented with Benzonase® Nuclease (10 U/mL). Cells were stained with 

antibodies listed in Table 2-10 C in a final concentration of 50 μL on ice for 30min. Prior to 

sorting, cells were washed and resuspended in sorting buffer containing Benzonase® 

Nuclease (10 U/mL). DAPI (1:5000) was added to the cell samples to assess cell viability. The 

sample was run on a BD FACSAriaTM II machine equipped with BD FACSDivaTM software 

using 16 purity, 16 yield sort mask, 85 μm nozzle with the stream running at a pressure of 

45psi and a frequency of 47 (47000 drops/sec). CD26+ FAP+ (CD45-, CD144-, CD146-, 

CD90+, CD271-) and CD271+ (CD45-, CD144-, CD146-, CD90+) cells were subsequently 

sorted into FACS tubes containing sorting buffer. 

 

2.5.3 Flow cytometry data acquisition and analysis 

Cell samples stained with antibodies were run on a BD FACSAriaTM II machine and data were 

analysed using FlowJo version 10.4 (Tree Star, USA). The following steps were routinely 

performed during analysis of flow cytometry data to identify the cell populations of interest: 

Forward scatter (FSC) versus side scatter (SSC) gating was first employed to exclude any cell 

debris from the analysis. Cell doublets were excluded by FSC-area (A)/FSC-height (H) and 

SSC-A/SSC-H, and dead cells were subsequently excluded based on DAPI staining. The 

detailed gating strategies to identify each population of interest are indicated in the results 

section. 
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2.6. RNA sequencing 

2.6.1 RNA extraction 

RNA of sorted cell populations and cultured fibroblast cell lines was extracted using 

RNAqueous®-Micro Total RNA Isolation Kit (Ambion). Cells were washed in PBS after sorting 

and subsequently disrupted by vortexing vigorously in 100 μL lysis solution.  To isolate the 

RNA, 50 μL 100% ethanol was added to each sample and the lysate/ethanol mixture was 

loaded onto a micro filter cartridge assembly, which binds the RNA. The loaded micro filter 

cartridge assemblies were spun for 10 sec at maximum speed until all of the mixture had 

passed through the filter. The micro filters were subsequently washed with 180 μL wash 

solution 1 by centrifuging for 10 sec at 16,000 g. This step was repeated with a second and 

third wash using 180 μL of wash solution 2/3. After washing the filter, the flow-through was 

discarded and the filter was spun for 1 min at maximum speed to remove residual fluid and to 

dry the filter.  As a next step, RNA was eluted into a micro elution tube with 10 μL elution 

solution, preheated to 75ºC. After leaving the filter with the elution solution for 1 min at room 

temperature, the assembly was spun for 30 sec to elute the RNA from the filter. The elution 

step was repeated and the second eluate was collected in the same micro elution tube.  In 

order to remove trace amounts of contaminating genomic DNA, 1 μL DNase I and 1/10 volume 

10X DNase I buffer were added to each sample and incubated for 30 min at 37ºC. To block 

DNase, 1/10 volume of DNase inactivation reagent was added. The reaction was left at room 

temperature for 2 min and spun for 2 min at maximum speed to pellet the DNase inactivation 

reagent. RNA was transferred to a fresh tube and stored at -80ºC. 

 

2.6.2 Assessment of RNA quantity  

RNA from sorted cell populations was quantified using Qubit RNA HS Assay kit with Qubit 

Fluorometer 2.0.  The Qubit working solution was prepared by diluting the Qubit RNA HS 

reagent 1:200 in Qubit RNA HS buffer. In order to calibrate the Qubit Fluorometer 2.0, two 
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standards were prepared according to manufacturer’s instructions. 1 L of RNA sample was 

diluted in 199 L Qubit working solution, vortexed and measured on the fluorometer after 

2 min incubation at room temperature. 

 

2.6.3 Validation of RNA quality 

RNA quality of all extracted RNA samples was assessed using an Agilent 2100 Bioanalyser, 

which uses on-chip technology to perform capillary electrophoresis to determine both RNA 

concentration and integrity. Depending on sample concentration either the Agilent RNA 6000 

Nano kit or the Agilent RNA 6000 Pico kit were used.  All chips were prepared according to 

the manufacturer’s protocols. In brief, the gel-dye mix was prepared by mixing 1 L dye 

concentrate with 65 L filtered gel and subsequently spinning the mix for 10 min at 13,000 g. 

Chips were filled with the gel-dye mix and the mix was dispensed using the chip priming 

station. RNA Pico chips were loaded with RNA 6000 Pico conditioning solution and RNA 6000 

Pico marker was added to all sample and ladder wells. RNA Nano chips were loaded with 

corresponding RNA 6000 Nano marker.  All RNA samples were heat denatured for 2 min at 

70°C before loading onto the chip and the corresponding ladders were loaded into the 

assigned ladder well.  The chips were then vortexed for 1 min at 2400 rpm and ran on the 

Agilent 2100 bioanalyser. The Bioanalyser Expert Software presents data as gel-like images 

and electropherograms with two distinct ribosomal peaks for 18S RNA and 28S RNA of total 

eukaryote RNA. In addition, the software used an algorithm to assign an RNA integrity number 

(RIN), which indicates how intact the RNA is. The RIN value is determined by the entire 

electrophoretic trace of the RNA sample and no longer only by the ratio of ribosomal RNA. 

RIN values can range from 1 to 10 with 10 reflecting the maximum RNA integrity. 
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2.6.4 Library preparation and sequencing 

Library preparation and sequencing was performed by Macrogen Inc (Korea). Individual 

stranded libraries for each sample were constructed using the Illumina TruSeq Stranded Total 

RNA LT Sample Prep Kit as described in the Illumina TruSeq Stranded Total RNA Sample 

Prep Guide (Illumina, CA, USA).  Ribosomal RNA was depleted using the Illumina Ribo-Zero 

Kit (Illumina, CA, USA). 

Library fragments were paired-end sequenced on an Illumina HiSeq 4000 sequencer with 

lengths of 101 nucleotides. Overall, 141.6 Gigabases (1.41x1011 bases) of sequence was 

generated from all 20 samples and between 26.8 and 46.4 million read pairs (mean 35 million) 

were obtained from all samples with 91.6-94.46% (mean 93.77%) of bases exceeding Phred-

scaled quality scores of 30. 

 

2.6.5 RNA sequencing data processing 

Read quality analysis, trimming, mapping and transcript assembly were carried out by Dr 

Klaus Lehnert from the University of Auckland. All preprocessing, read mapping, post-

processing, and abundance estimation steps were performed in the 64-bit linux environment 

provided by the high-performance computer cluster of the New Zealand eScience 

Infrastructure (NeSI). 

Illumina adapter sequences and nucleotides with Phred quality scores below 3 were removed 

from both ends using Trimmomatic version 0.36 (183). A ‘sliding window’ method scanning 

from the 5’-end was applied to clip all downstream nucleotides once the average base quality 

within a four-nucleotide window fell below 15. Following the clipping steps, reads shorter than 

36 and their paired-end partners were removed from the data set. 

Trimmed Reads were aligned to the hg38 reference genome assembly using HISAT2 

version 2.0.5 (184) and Ensembl gene annotations included in the hg38_tran index were used 

to guide read mapping. HISAT2 performs split read mapping, taking into account both exon-
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intron junctions from annotation tables as well as unannotated junctions discovered from the 

alignment of previously aligned reads.  Aligned reads were sorted by genomic coordinates 

using SAMtools version 1.3.1 (185) and saved in the binary-encoded Sequence Alignment 

Map (SAM/BAM) format.  Overall, read mapping rates across libraries were high with a mean 

of 97.43% and range from 94.32% to 98.53%. Between 23.0 million and 42.8 million read pairs 

(mean 31.0 million) were successfully mapped for each library. 

RNA sequencing reads mapped to the reference genome were assembled into potential 

transcripts using StringTie version 1.3.3b (186). StringTie combines reference transcript 

models and de novo assembly to assemble complex alignments into transcripts.  The 

abundance of assembled transcripts was quantified by counting the number of pairs of reads, 

which represent the ‘fragments’ generated by cDNA fragmentation during the sequence library 

preparation, that are mapped to individual exon, transcript, or gene ‘features’ from both the 

reference genome annotation and newly discovered during read mapping and transcript 

assembly.  To account for differences in sequencing depth and library contamination, raw 

feature (exons, transcripts, genes) counts were normalised by dividing by the total number of 

fragments mapped and by the length of the feature (exon, transcript, or gene) to enable direct 

comparison between long and short features. The resulting estimate was expressed as 

fragments mapped per kilobase of feature per million fragments (FPKM). 

 

2.6.6 Differential gene expression analysis 

Differential expression analysis was performed by Dr Klaus Lehnert of the University of 

Auckland using the RStudio (version 1.1.383, R version 3.4.2) environment on a computer 

running Microsoft Windows 10 (64-bit). The Bioconductor package ‘ballgown’ was used for 

differential expression analysis (version 2.10.0, Frazee et al., 2015). For each of the three 

individual comparisons (CD26+ FAP+ cells from keloid vs skin, cultured keloid fibroblasts vs 

cultured skin fibroblasts, and CD271+ keloid cells vs CD26+ FAP+ keloid cells) comprising 
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this project, StringTie’s abundance estimates were converted to individual ballgown objects. 

Differential expression at transcript and gene level between phenotypic groups was 

individually tested using the ‘stattest’ function. For the comparison of CD26+ FAP+ cells from 

keloid scar and healthy skin ‘gender’ of the tissue donors was included as a confounding 

variable in the analysis. 

 

2.6.7 Gene enrichment analysis using DAVID 

Gene ontology term enrichment analysis and KEGG pathway mapping were performed using 

the Database for Annotation, Visualization and Integrated Discovery (DAVID) v6.8 available 

at http://david.abcc.ncifcrf.gov/ (187). Upregulated genes in CD26+ FAP+ cells from keloid 

scar compared to CD26+ FAP+ from normal skin with log2(FC) > 2 and p-value < 0.05 were 

analysed using DAVID’s Functional Annotation tool. The Homo sapiens genome was selected 

as background.  

 

2.6.8 Ingenuity pathway analysis (IPA) 

Ingenuity pathway analysis (IPA) (Ingenuity® Systems, Qiagen) was used to identify and 

interpret the biological processes, pathways and networks up- or downregulated in sequenced 

keloid and healthy skin samples.  Data sets containing gene identifier and corresponding 

expression fold changes were uploaded to IPA and analysed using the core function. After 

applying cut-off for fold change ratio (FC ratio or log2(FC) >1.5) and p-value (>0.05) genes 

were analysed based on their functional annotation and known molecular interactions stored 

in the Ingenuity Pathways Knowledge Base. Both up- and down-regulated genes were 

analysed simultaneously. 

IPA generates two scores to interpret the data: a Fisher’s exact test p-value measuring the 

overlap of observed and predicted regulated gene sets, and a z-score to infer the activation 

states based on a significant match of up/down regulation patterns.  
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2.7. Functional assays 

2.7.1 xCELLigence real-time cell analysis 

xCELLigence real-time cell analyser (RTCA) was used for the real-time analysis of differences 

in cell growth between healthy skin and keloid fibroblasts. The xCELLigence RTCA system 

uses microelectronic biosensor technology to monitor cell attachment, spreading and 

proliferation in a label-free manner by measuring changes in impedance. Impedance changes 

when cells attach or detach from gold-plated sensor electrodes that are placed at the bottom 

of the RTCA plates. The change of impedance is converted into a parameter called Cell Index 

(CI), which increases with attachment. 

For our study, 1000 cells in 200 µL DF10 were seeded per well to a 96-well xCELLigence E-

plate VIEW (ACEA Biosciences, San Diego, CA). Each donor was assessed in quintuplicate. 

An xCELLigence RTCA SP instrument (ACEA Biosciences, San Diego, CA) was housed in 

an incubator at 37°C and 5% CO2 and CI values were assessed every 5 min.  

 

2.7.2 In vitro migration assay 

Differences in cell migration between normal skin fibroblast cell lines and keloid fibroblast cells 

lines were assessed using the IncuCyte ZOOM® Live cell imaging system (Essen BioScience). 

For collagen coating of the assay plate, 50 μl of 300 µg/mL rat tail collagen 1 (BD BioSciences) 

was added per well of a 96-well ImageLock™ plate (Essen BioSciences) and placed in an 

incubator at 37°C, 5% CO2 overnight. The following day, collagen 1-coated wells were washed 

twice with sterile PBS. Cells were plated at a density of 10,000 cells/well and allowed to attach 

for 4-18h at 37°C, 5% CO2 until cells reached confluence. Confluent cell layers were scratched 

using the 96-well WoundMaker™ (Essen BioSciences) and immediately washed twice with 

culture media. 100 µL fresh DF10 was added to each well before imaging the plate every 

30 min for at least 3 days using the 10X objective of the IncuCyte ZOOM® Live cell imaging 

system. The data were analysed using the integrated metrics of the IncuCyte ZOOM® 
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software, relative wound density (RWD) and wound confluence. The algorithm for RWD 

measures cell density in the wound area relative to the cell density of the cell region outside 

of the wound area at each set time point. At the initial time point (t=0), the RWD is 0% as RWD 

accounts for the background density of the initial wound and changes in cell density in wound 

and cell (non-wound) region. When the cell density in the wound area is the same as the cell 

density outside of the initial wound, the RWD is 100%.  The wound confluence algorithm 

determines the cell confluence in the wound region resulting in the percentage of wound area 

covered by cells. 

 

2.7.3 In vitro invasion assay 

Invasion into a collagen I layer was measured using the IncuCyte ZOOM® Live cell imaging 

system (Essen BioScience). For collagen coating of the assay plate, 50 μl of 300 µg/mL rat 

tail collagen I (BD BioSciences) was added per well of a 96-well ImageLock™ plate (Essen 

BioSciences) and placed in an incubator at 37°C, 5% CO2 overnight. The following day, 

collagen-coated wells were washed twice with sterile PBS. Normal skin and keloid fibroblasts 

were plated at a density of 20,000 cells/well and allowed to attach for 4h at 37°C, 5% CO2. 

Confluent cell layers were scratched using the 96-well WoundMaker™ (Essen BioSciences) 

and immediately washed twice with culture media. The scratched cells were overlaid with 

50 µL neutralised 3 mg/mL rat tail collagen 1 (BD BioSciences) and the plate was incubated 

at 37°C/ 5% CO2 to gel the top layer. 100 µL additional DF10 was added per well after 30 min 

incubation. The plate was placed in the IncuCyte ZOOM® Live cell imaging system and wells 

were every 30 min for at least 4 days using a 10X objective. Cell invasion was quantified using 

the relative wound density metric generated by the IncuCyte software. 
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2.7.4 In vitro TWIST1 expression experiments 

TWIST1 expression was assessed in keloid and healthy skin fibroblasts under different culture 

conditions in vitro. 

To assess the effects of different cytokines on TWIST1 expression in vitro, 5000 cells per well 

of healthy and keloid fibroblasts were seeded in 96-well CellCarrier plates (Perkin Elmer, 

Waltham, MA). Fibroblasts were subsequently treated with 40 ng/mL recombinant human 

TGF-b1 (Peprotech, US), 40 ng/mL recombinant human IL6 (Peprotech, US), 100 ng/mL 

recombinant human Wnt3a (R&D systems, US) or 100 ng/mL recombinant human Wnt5a 

(R&D systems, US) for 48 h. After 48 h, cells were fixed, stained and imaged using Operetta 

High Content Imaging system (Perkin Elmer, Waltham, MA) as described in Section 2.4.2. 

To assess the effect of FBS on TWIST1 expression, 2000 cells per well of healthy skin and 

keloid fibroblasts were seeded in 96-well CellCarrier plates (Perkin Elmer, Waltham, MA). 

Cells were attached overnight and the following day washed with D0. Cells were grown in 

either DF10, DF1, D0 or D0 supplemented with Insulin-Transferrin-Selenium (ITS) (Gibco®, 

Life technologies). Each condition was assessed in technical triplicates and media was 

changed every 2-3 days. Cells were fixed after 3 days or 14 days and subsequently stained 

and imaged using Operetta High Content Imaging system (Perkin Elmer, Waltham, MA) as 

described in Section 2.4.2. 
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 Method development:  

Optimisation of a multicolour flow cytometry panel for 

the analysis of mesenchymal cells in human dermis 

3.1. Introduction 

As explained in the introduction of this thesis, the human dermis is complex and consists of 

numerous different cell populations including hematopoietic cells, endothelial cell subsets, and 

a heterogeneous mix of mesenchymal cell populations such as fibroblasts, pericytes and 

progenitor cells.  Multicolour flow cytometry is a powerful tool that allows the simultaneous 

analysis of multiple parameters on single cells in a heterogeneous cell suspension as they 

flow through a beam of light. 

In contrast to the immunology field and clinical diagnostics, where multicolour flow cytometry 

is commonly applied, extensive multicolour flow cytometry using more than 10 colours is not 

routinely used in the mesenchymal field. To date, there is no optimised multicolour 

immunophenotyping panel (OMIP) published to identify mesenchymal cell populations. 

However, a previous publication from our lab by Feisst et al. (2015) revealed an 11-marker 

panel to study progenitor cell populations in human dermis and ASC in adipose tissue (81). 

Based on this, we aimed to develop and optimise a multicolour flow cytometry panel for the 

analysis of mesenchymal cells in human dermis and fibrotic skin diseases such as keloid 

scars. 

 

3.1.1 Background to flow cytometry 

Flow cytometry combines three main systems, fluidics, optics and electronics, into one 

technology.  The advantage of multicolour flow cytometry is that it allows identification and 

characterisation of heterogeneous cellular subsets in a variety of complex tissues, for example 
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peripheral blood, adipose tissue, bone marrow and skin as well as tissue culture cell lines. 

This requires sample processing, for instance by enzymatic digestion and centrifugation, in 

order to obtain a single-cell solution.  Subsequent staining with fluorescent antibodies specific 

to antigens expressed on the cell surface enables identification and separation of cell 

populations in a complex cell mix.  Furthermore, multicolour flow cytometry allows isolating 

and purifying populations from a complex cell mix by FACS for downstream functional 

experiments in vitro or gene expression analysis. 

In brief, the fluidics system allows the transport of a cell solution past the laser beam for 

interrogation. The cell suspension is injected into the centre of a laminar stream of sheath fluid 

within the flow chamber. Hence, hydrodynamic focusing enables the analysis of individual 

cells by moving one cell at a time through the centre of the laser beam. 

The optical system consists of excitation optics, including lasers and lenses, which generate 

the optical signal, and collection optics, which consist of collection lenses, optical mirrors and 

filters and detectors.  If a cell is labelled with a specific antibody, the fluorochrome conjugated 

to the antibody emits light in a specific wavelength when excited by a compatible wavelength 

laser. The emitted light is routed to the corresponding detector via a system of mirrors and 

filters, which narrow the range of light to specific wavelengths. Dichroic mirrors direct light of 

different wavelengths into different directions. For instance, a long-pass dichroic mirror will 

transmit wavelengths longer than the filter rating, and reflect light that has a lower wavelength. 

Band pass filters in front of the detector narrow the wavelength range of the light even further, 

close to the emission peak of the corresponding fluorochrome, before reaching the detector. 

Detectors consist of photomultiplier tubes (PMT), which convert the light signal to electronic 

signals. PMTs convert photons from the light signal into a proportional number of electrons 

that are multiplied, and converted into a measurable voltage pulse by the amplifier. 

Independent of fluorescence, cells scatter light while being interrogated by a laser beam, 

which enables the measurement of physical properties (188). Forward-scattered light (FSC) 

correlates to the size or cell surface area. It measures the diffracted light along the path of the 
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laser by a photodiode.  Side-scattered light (SSC) is proportional to cell granularity and internal 

complexity and measures refracted and reflected light by a detector at a 90 degree angle 

relative to the laser. 

 

In summary, multicolour flow cytometry is a powerful method to unravel the different cell 

populations in dissociated tissue, for instance in our case dermis of human skin. However, 

due to the complexity of using multiple parameters there are numerous confounding factors 

that require vigorous validation and optimisation of the antibody panel.  Here we describe the 

different considerations and steps undertaken to optimise a unique multicolour flow cytometry 

panel for the analysis of dermal cell subsets in healthy human skin and disease. This work 

was carried out in conjunction with Dr Anna Brooks of the University of Auckland, a flow 

cytometry expert who manages the flow cytometry facility at the School of Biological sciences, 

University of Auckland. 
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3.2. Flow cytometry antibody panel development for the analysis of 

mesenchymal cell subsets in human dermis 

3.2.1 Artefact removal from flow cytometry data 

As a first step when working with flow cytometry data it is recommended to clear the data of 

any artefacts or events due to debris in the cell sample (189). Firstly, debris can be excluded 

by gating on forward and side scatter (Figure 3-1 A). This exclusion step is especially crucial 

when working with single-cell suspensions derived from tissue as they often contain much 

more debris that can impair the analysis than for example PBMC derived from blood. 

Furthermore, cell doublets due to undigested tissue and clusters of cells have to be eliminated 

as they can affect the downstream analysis.  To exclude cell doublets diagonal gates are set 

using FSC-Height (FSC-H) against FSC-Area (FSC-A) and/or SSC-Height (SSC-H) against 

SSC-A (SSC-A) (Figure 3-1 B and C). In addition, dead cells may also compromise the flow 

cytometry analysis due to unspecific antibody binding. Therefore, it is important to include a 

viability dye such as DAPI to exclude any dead cells (Figure 3-1 D). In addition, an exclusion 

or dump gate can improve the accuracy of the data by excluding any interfering cells that are 

not of interest. These dump channels can consist of one or multiple markers that are not 

expressed on the populations of interest but positive on interfering cells. For this flow 

cytometry panel, CD45, a marker for hematopoietic cells, was included to remove any 

leukocytes from the analysis (Figure 3-1 E). An example gating strategy to exclude artefacts 

in flow cytometry data of human dermis is shown in Figure 3-1. 
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Figure 3-1: Exemplary gating strategy to remove artefacts from flow cytometry data. 

Artefacts were removed by excluding cell debris (A), doublets based on FSC and SSC (B and C), and nonviable 
cells based on DAPI staining (D). In addition, in the analyses CD45+ hematopoietic cells were excluded, as they 
were not a target population of this study (E). 

 

3.2.2  Antibody titrations 

A crucial optimisation step for successful flow cytometry is using the correct antibody dose. 

An antibody dose, which is too high, will result in nonspecific binding and increase the spread 

and background of the negative population. On the other hand, an antibody concentration, 

which is too low, may prevent the correct resolving of weakly positive populations. In order to 

find the best dose, the stain index for a serial dilution of all antibodies used in this study was 

calculated. The stain index compares the differences between the means of the positive and 

negative populations corrected by division by two times the standard deviation of the negative 

population (190, 191). Thus, the dose with the highest stain index gives the best separation 

between positive and negative population and is therefore recommended for usage. 

Figure 3-2 demonstrates an exemplary titration of CD45 in the BV650 channel. At the low 
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concentrations (1:160 and 1:80) the sensitivity is decreased as positive staining is dim, while 

at the higher concentrations the sensitivity is reduced due to an increased background (1:10 

and 1:20). Thus, the best separation of negative and positive signal is at an antibody dose of 

1:40, which also has the highest stain index. 

 

 

Figure 3-2: Exemplary antibody titration of CD45 – BV650 

A Concatenated dot plots of different antibody doses of CD45 – BV650.  B Overlaid histograms of different antibody 
doses of CD45 – BV650.  C Stain indices of different antibody doses of CD45 – BV650. 
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However, for very rare cell populations using a single colour titration was not always sufficient 

to identify the optimal dose. For instance, when the CD105 – PE-Cy7 antibody was titrated a 

small multicolour panel was required to find a suitable dose. In Figure 3-3 A plots are shown 

for all cells of the dermal cell suspension. The titration stains are ‘smeared’ and it is difficult to 

distinguish between the positive and negative population. Therefore, CD45 - BUV395 and 

HLA-DR – BV785 were included in the titration panel. As a next step, the CD45- population 

was selected to exclude the CD45+ hematopoietic populations from the analysis (Figure 

3-3 B). However, exclusion of CD45+ was not sufficient to select a correct dose for CD105. 

Finally, a gate was set around the CD45- HLA-DR+ populations, which represents endothelial 

cells of the dermal mix (Figure 3-3 C). This gating strategy improved the separation of CD105 

negative and positive populations and thus stain indices were calculated for the different 

CD105 doses of this population (Figure 3-4). The stain index was the highest for the 1:10 and 

1:20 doses, however observing the histograms a spread of the negative population was 

noticed and therefore 1:20 was chosen as the most suitable dose for the following 

experiments. 
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Figure 3-3: CD105 – PE-Cy7 titration using multicolour panel. 

Concatenated dot pots and overlaid histograms for the titration of CD105 gated on (A) all cells, (B) CD45- cells, 
and (C) CD45- HLA-DR+ populations. 
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Figure 3-4: Stain index of CD105 – PE-Cy7 titration gated on CD45- HLA-DR+ cells. 
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3.2.3 Compensation controls 

One of the most important controls in flow cytometry is compensation. Compensation is a 

process that adjusts for spill over due to the physical overlap of emission spectra of different 

fluorochromes (192). Compensation ensures that the florescence detected by a specific 

detector is derived from the measured fluorochrome and not from the spill over of another 

fluorochrome. Correct compensation is a requirement for multicolour flow cytometry or 

otherwise interpretation of the data can become difficult or impossible.  

Manually adjusted compensation based on visual appearance of the data is extremely difficult 

for complex multicolour experiments and can result in overcompensation, just as 

uncompensated data will affect its interpretation. The gold standard for compensation is the 

use of automatic compensation algorithms through flow cytometry software. 

Compensation controls consist of single colour stains with a positive and negative population. 

Importantly, for successful automatic compensation the compensation signal from the single 

colour control has to be brighter than the signal of the cell mix. Due to the limited availability 

of biological samples, compensation beads were used for staining of single colour controls in 

our experiments. However, quality control of the panels revealed that the signal of the 

compensation controls of CD34 and CD90 using beads were not bright enough (Figure 3-5). 

Therefore cells were stained for these markers instead of beads for single colour 

compensation controls. This increased the maximum staining intensity to at least the same 

levels as the full stain sample. 
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Figure 3-5: Comparison of beads and cells as compensation controls. 

A Histograms of the CD34 - BV510 single colour control using beads and the full stain sample revealed that the 
compensation control was too dim. In contrast, using cells as compensation control stained with CD34 – BUV395 
in the final panel iteration showed the same maximum intensity as the full stain sample in this channel.  B Similarly, 
beads stained with CD90 – Alexa 700 were dimmer compared to the full stain sample, however cells stained with 
the same antibody were as bright as the full stain sample.  C On the other hand, the compensation control for 
CD45 – BV650 is an example when beads can be used successfully for compensation set-up as the signal is 
brighter than the signal of the full stain sample. 
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3.2.4 Auto-fluorescence controls 

Another critical point in multicolour flow cytometry of cells isolated from tissue is the 

interference of auto-fluorescence. Auto-fluorescence is the natural fluorescence of cells due 

to cell components, for example cyclic ring compounds such as NADPH and riboflavin, 

collagen and elastin, aromatic amino acids including tyrosine, tryptophan, phenylalanine and 

cellular organelles such as mitochondria and lysosomes (193, 194). The levels of 

autofluorescence can vary between different cell types and physiological conditions (193). 

Usually larger cells will have higher levels of auto-fluorescence as they normally contain more 

fluorescent molecules and organelles. 

Most of the above compounds absorb in the UV to Blue range (355-488 nm) and emit in the 

Blue to Green range (350-550 nm) leading to autofluorescence detected in the shorter 

wavelengths. Autofluorescence can lead to increased noise for these wavelengths, which may 

result in a decreased sensitivity and false positives. Furthermore, autofluorescence can spill 

over into other channels, which will especially affect channels with low levels of fluorescence. 

To determine autofluorescence in an experiment unstained cells of each analysed sample are 

used as control. The cell treatment of the unstained control and the settings of the flow 

cytometer should be the same as for the experimental sample. If autofluorescence is 

problematic in a certain channel the use of a different fluorochrome at a higher wavelength 

range may be advised as autofluorescence decreases at higher wavelengths. On the other 

hand, using very bright fluorochromes will also reduce the impact of autofluorescence.  

During data analysis plotting the data as a bivariate plot helps determine positive and negative 

populations despite interference of autofluorescence. Figure 3-6 demonstrates the differences 

between histograms and bivariate plots to determine negative and positive populations in the 

context of autofluorescence. Setting a gate for CD144+ cells in PerCP-Cy5.5 based on the 

histogram of the unstained control will result into the loss of the dim CD144+ cells, which are 

easily identified using bivariate plots against SSC-A. 

In summary, autofluorescence is a crucial point to consider when designing panels and 
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analysing flow cytometry data. However, the impact of autofluorescence can be controlled with 

unstained controls and optimal panel design. 

 

 

 

Figure 3-6: Autofluorescence in the PerCP-Cy5.5 channel.  

Histograms and bivariate plots of unstained and fully stained single cell suspensions from human dermis reveal 
the advantage of using bivariate plots to determine populations despite autofluorescence. Yellow lines show the 
potential gate based on the unstained sample visualised in the histogram. In contrast, the bivariate plot enables 
setting a closer gate (red) to the actual population, which will include dim positive cells but not autofluorescent cells. 

 

 

 



Chapter 3 

71 
 

3.2.5 BD Horizon Brilliant™ Stain Buffer optimisation 

Recently, a newly developed class of bright fluorochromes consisting of polymer conjugates 

such as brilliant violet and brilliant blue dyes have been available for panel design (195). 

However, the use of multiple conjugates in one experiment can lead to staining artefacts due 

to nonspecific interaction between the dyes. For instance, data can appear to be 

undercompensated despite single colour controls being correctly compensated, or a negative 

population can appear to consist of multiple populations. As this can affect data interpretation 

and reproducibility, it is suggested to use BD Horizon BrilliantTM Stain buffer for any experiment 

containing more than one brilliant dye. 

As the panel contained multiple brilliant violet dyes, the amount of Brilliant buffer was titrated 

in order to find the right volume required for the staining protocol. The titration revealed that a 

1:10 dilution of Brilliant buffer in the staining volume successfully cleaned up the appearance 

of the data (Figure 3-7). The BV421 positive population appears to be undercompensated 

without the BD Horizon BrilliantTM Stain buffer present in the staining mix. However, adding 

the buffer during staining moves the population back to its expected location. To ensure that 

the staining pattern is not affected by any non-specific interactions between the polymer 

conjugates, 1:5 dilution of buffer was used for future experiments. 

 

 

Figure 3-7: BD Horizon Brilliant™ Stain Buffer titration.  

Different volumes of BD Horizon Brilliant™ Stain buffer were added to the antibody cocktail and compared to a 
staining cocktail without the Brilliant stain buffer. Single-cell suspensions from human dermis were stained with the 
different cocktails. Addition of Brilliant stain buffer corrected the staining pattern for non-specific interactions of the 
brilliant violet dyes at all dilutions compared to the sample without brilliant buffer, where the BV421 positive cells 
appear to be undercompensated. 
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Interestingly, the buffer did not only affect the brilliant violet channels in the experiments 

directly. It affected other channels such as APC-Cy7, into which some of the brilliant violet 

dyes such as BV785 can spill (Figure 3-8).  

Thus, it is advisable to determine if Brilliant buffer improves the staining pattern when using 

multiple brilliant dyes in the same experiment. 

 

 

Figure 3-8: BD Horizon Brilliant™ Stain Buffer affecting channels other than brilliant violets such as APC-

Cy7. 

Brilliant stain buffer does not only improve data visualisation in brilliant violet channels but also in channels where 
brilliant violet dyes can spill into. 

 

 

3.2.6 Multicolour flow cytometry antibody panel optimisation 

Panel design is a complex process especially if using more than 10 colours. In general, it is 

advisable to use bright fluorochromes while trying to minimise the spill over from one channel 

to another. However, when assigning fluorochromes to different antigens it is recommended 

to use brighter fluorochromes for dim markers as well as the other way around.  Thus, it is 

helpful in the context of panel design if the density of antigens is known.  Unfortunately, as 

mentioned before, the densities of antigens in the mesenchymal cell field are often unknown. 

In addition, in the mesenchymal field antibodies are not always available in all channels and 

thus limit the options for optimal panel design.  
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In conjunction with Dr Anna Brooks of the University of Auckland a panel to assess 

mesenchymal cell subsets in human dermis was optimised and validated over multiple panel 

iterations summarised in Table 3-. The panel was designed by Dr Anna Brooks and I executed 

all experiments and analysed the data as presented.  The final panel was assessed on dermal 

cell suspensions from at least seven healthy skin samples (Chapter 4). 

Major examples of iterations to optimise the original panel, previously established in our lab, 

include: 

1. Based on recent findings in mouse skin, the dipeptidyl peptidase CD26 is thought to 

be a marker for the fibrotic potential of specific fibroblast subsets (93). Therefore, CD26 

was included in the panel to investigate its expression in different fibroblast populations 

in healthy human skin, and any potential changes in skin fibrosis (Table 3-1 Iteration 6). 

CD26 expression initially was assessed in the APC channel, however then moved to 

the FITC channel as CD26 was strongly expressed and FITC is less bright than APC 

(Figure 3-9) (Table 3-1 Iteration 7). This also allowed moving CD141 back into its initial 

position in APC (Table 3-1 Iteration 7).  In addition, the related dipeptidyl peptidase 

FAP was added as a potential marker for activated fibroblasts due to its expression on 

cancer-associated fibroblast in tumour stroma (196). Based on antibody availability 

FAP was added in APC, a bright fluorochrome that exhibits far-red fluorescence (Table 

3-1 Iteration 9). 
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Figure 3-9: Comparison of CD26 staining in APC and FITC channels.  

CD26 was initially assessed in APC (A). However, staining revealed high expression of CD26 and was hence 
moved in the dimmer FITC channel (B) during Iteration 7 as shown in Table 3-1, which still gave enough separation 
of the populations without being too bright and the signal being off scale. 

 

 

2. CD144 and PDPN were included in order to improve the identification of the different 

endothelial cell subsets (Table 3-1 Iteration 3). 

PDPN, a mucin-type transmembrane glycoprotein, was included in the panel as a well-

established lymphatic marker, in order to discriminate between lymphatic endothelial 

cells and blood endothelial (197). Figure 3-10 highlights that the addition of PDPN, 

which enabled a clear separation of PDPN positive lymphatic and PDPN negative 

blood endothelial cell subsets. 

However, CD31 did not sufficiently discriminate between endothelial and 

mesenchymal cells as lymphatic endothelial cells were dimmer for CD31 than blood 

endothelial cells (Figure 3-10). This may have led to contamination of lymphatic 

endothelial cells in the mesenchymal populations in previous experiments. 

Thus, the endothelial adhesion molecule vascular endothelial cadherin, also known as 

CD144, was added to the panel (198, 199). Addition of CD144 as an endothelial marker 

improved discrimination between mesenchymal and endothelial cell subsets as it is 

expressed to similar levels on lymphatic and blood endothelium.  
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Figure 3-10: Identification of lymphatic and blood endothelial cell subsets. 

A CD144+ endothelial cells can be divided into LECs and BECs due to PDPN expression. This also revealed that 
LECs have dim or no expression of CD31, which is thus not sufficient for a general endothelial cell marker.  B LECs 
and BECs express similar levels of CD144 while CD31 is differentially expressed. 

 

In order to investigate if this difference in CD31 expression may have been due to 

CD31 being susceptible to enzymatic cleavage during tissue digestion, the exposure 

of collagenase and dispase, the enzymes used during tissue digestion, on PBMC was 

mimicked, as CD31 is also expressed on leukocytes and platelets. However, there was 

no difference in the CD31 positive population between untreated PBMC and PBMC 

treated with collagenase and dispase (Figure 3-11). Therefore, we believe that 

lymphatic endothelial cells have lower expression of CD31 than blood endothelial cells. 

 

 

Figure 3-11: CD31 expression on PBMC with and without collagenase and dispase treatment. 

PBMC were treated over night at 37°C with dispase and followed by an overnight incubation with collagenase at 
37 degrees. There was no difference in the expression levels of CD31 positive cells in untreated control PBMC 
(blue) and treated PBMC (red). 
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3. CD34 is a key marker in this study as it is differentially expressed on fibroblast 

subpopulations and thought to be a marker for progenitor cells (81, 200). CD34 was 

initially in BV510, a bright fluorophore excited by the violet laser, before it was moved 

into BUV395 (Table 3-1 Iteration 8). This marker is excited by the UV laser and has 

little to no spill over by other fluorophores, and in reverse has low spill over into the 

channels of other fluorophores. 

In order to move CD34 into BUV395, CD45 was moved first into BUV805 and then into 

BV650 (as CD117 was removed from the panel) (Table 3-1 Iteration 8 and 10). This 

resulted in a free BUV805 channel excited by UV laser, which is an excellent choice to 

assess new antigens with unknown expression levels due to minimal spill over 

interference using UV excited fluorochromes. Furthermore, CD45 is only used to 

remove the hematopoietic cells from the analysis and therefore the spill over from the 

bright BV650 channel into APC, Alexa 700 and BV711 can be accounted for. 

4. CD36 was moved into multiple different channels during the optimisation of the panel 

(Table 3-1 Iteration 2-6, 9). As CD36 is not a crucial marker for this study, and is mainly 

expressed on lymphatic endothelial cells, it was moved in order to make space for new 

markers or for other changes to the panel. Figure 3-12 compares some of the channels 

CD36 was moved to during panel optimisation. In APC CD36 had good separation 

between positive and negative populations, however as APC is a very bright channel 

it was required for the addition of new markers such as FAP. On the other hand, in 

BV785 CD36 was too bright hence, for the final panel iterations CD36 was moved back 

into its initial channel in APC-Cy7. 
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Figure 3-12: Comparison between different CD36 antibodies. 

CD36 was assessed in (A) APC, (B) BV785 and (C) APC-Cy7 over the course of panel iterations. Ultimately, CD36 
was assigned to the APC-Cy7 channel as APC was used by other markers and the signal in BV785 was too bright. 

 

5. Finally, markers such as CD141 and CD117 were removed from the panel for being 

irrelevant for this study (Table 3-1 Iteration 10). This opened up BUV805 and BV785 

for adding in new markers to allow investigation of other antigens in future experiments. 

 



 

 

Table 3-1: Overview of panel iterations 

Changes to previous iterations are highlighted in red and empty spaces in the panel available for dropping in new markers are highlighted in green. 

Laser Fluorophore 
Initial 
panel 

Iteration 1 Iteration 2 Iteration 3 Iteration 4 Iteration 5 Iteration 6 Iteration 7 Iteration 8 Iteration 9 
Iteration 
10/ Final 

panel 

Blue Laser 
(488nm) 100mw 

FITC/BB515 SSEA4 SSEA4 CD141 Drop-in Drop-in CD31 CD141 CD26 CD26 CD26 CD26 

PE CD271 CD271 CD271 PDPN PDPN PDPN PDPN PDPN PDPN PDPN PDPN 

PE-CF594 Drop-in Drop-in Drop-in CD271 CD271 CD271 CD271 CD271 CD271 CD271 CD271 

PerCpCy5.5  CD34  CD144 CD144 CD144 CD144 CD144 CD144 CD144 CD144 

PE-Cy7 CD105 CD105 CD105 CD105 CD105 CD105 CD105 CD105 CD105 CD105 CD105 

Red laser 
(640nm) 40mw 

APC SSEA3 Drop-in CD36 Drop-in CD36 Drop-in CD26 CD141 CD141 FAP FAP 

Alexa-700 CD90 CD90 CD90 CD90 CD90 CD90 CD90 CD90 CD90 CD90 CD90 

APC-Cy7 CD36 CD36 CD31 CD31 CD31 CD36 CD31 CD31 CD31 CD36 CD36 

Ultraviolet Laser 
(355nm) 60mw 

BUV395 CD45 CD45 CD45 CD45 CD45 CD45 CD45 CD45 CD34 CD34 CD34 

DAPI DAPI DAPI DAPI DAPI DAPI DAPI DAPI DAPI DAPI DAPI DAPI 

BUV805         CD45 CD45 Drop-in 

Violet laser 
(405nm) 100mw 

BV421 CD73 CD73 CD73 CD73 CD73 CD73 CD73 CD73 CD73 CD73 CD73 

BV510/BV480 CD34  CD34 CD34 CD34 CD34 CD34 CD34 Drop-in CD31 CD31 

BV605 CD31 CD31  CD36   HLADR HLADR HLADR HLADR HLADR 

BV650 CD117 CD117 CD117 CD117 CD117 CD117 CD117 CD117 CD117 CD117 CD45 

BV711 CD146 CD146 CD146 CD146 CD146 CD146 CD146 CD146 CD146 CD146 CD146 

BV785 HLA-DR HLA-DR HLA-DR HLA-DR HLA-DR HLA-DR CD36 CD36 CD36 CD141 Drop-in 
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3.2.7 Fluorescence minus one controls 

Once the final panel was designed, a final assessment of the panel using fluorescence minus 

one (FMO) controls for all channels was performed. FMO controls are, as the name suggests, 

samples stained for all fluorophores of the panel except for the one being measured. 

It is still a common perception that isotype controls can be used to distinguish positive from 

negative cells. However, an isotype control can only be used to determine the background 

due to nonspecific antibody binding but not to detect the spill over due to a multicolour 

experiment. Instead, FMO controls reveal the true positivity of cells and assist with setting 

accurate gates between positive and negative populations despite the spill over from other 

fluorochromes. This initial assessment helps to identify for which channels an FMO control is 

required for future experiments. 

Figure 3-13 A and B demonstrate the two channels of this panel that require FMO controls. 

There is minor spill over into the PE-CF954 channel assessing CD271. In addition, there is no 

clear separation between the negative and positive population. Therefore, a CD271 FMO was 

used for future experiments to accurately set a gate for the CD271 true positive cells. For 

CD146 in BV711 it is obvious that the unstained control is not sufficient to set a gate between 

the negative and positive population. This FMO also revealed a large amount of spread into 

this channel most likely due to CD90 in Alexa 700 as this population is negative for CD45 

BV650 and also only has dim expression of HLA-DR in BV605. This spill over may affect the 

resolution and discrimination of CD146+ pericyte cell subsets in the assessed samples. 

In contrast Figure 3-13 C demonstrates an example where the use of an FMO is not required 

on a day-to-day basis. There is a clear resolution between the CD26 positive and negative 

population as well as minimal or no spread into the FITC channel. Overall, for all markers other 

than CD271 and CD146 no FMOs were required for future experiments 

In summary, this experiment confirmed that for future analyses FMO controls are required for 

CD271 in PE-CF594 and CD146 in BV711. For all other channels, separation and spill over 
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are optimised so that the use FMO controls on a daily basis can be avoided, which can be 

crucial when working with limited biological samples. 

 

 

 

Figure 3-13: Examples of Fluorescence minus one controls of the finalised panel. 

A Bivariate plots and histograms of unstained control, CD271 FMO and full stain revealing the necessity of a CD271 
FMO for future experiments due to an unclear separation of positive and negative populations.  B Bivariate plots 
and histograms of unstained control, CD146 FMO and full stain revealing the necessity of a CD146 FMO for future 
experiments due to a large amount of spread into this channel which makes it difficult to distinguish between of 
positive and negative populations without FMO control.  C Bivariate plots and histograms of unstained control, 
CD26 FMO and full stain revealing a clear separation of CD26 positive and negative populations and minimal 
spread into the FITC channel. This is an example of a channel where no FMO is required for future analyses after 
this initial assessment. 
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3.3. Conclusion 

In conclusion, a unique multicolour flow cytometry panel to assess and characterise 

mesenchymal cell populations in human dermis was successfully optimised.  In addition, this 

panel is useful to study and compare the phenotype of mesenchymal cells as well as 

endothelial cells in skin disease such as keloid scarring.  Furthermore, the designed panel 

allows the addition of further markers in order to customise the panel depending on aim and 

context of the experiment. 
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 Characterisation of mesenchymal cell 

populations in human dermis and keloid scars 

4.1. Introduction 

As described in the introduction and the previous chapter of this thesis, mesenchymal cells in 

human skin are highly heterogeneous and include different cell subsets such as pericytes, 

different fibroblast populations, and mesenchymal progenitors or MSC, which vary in location 

and function in human skin. Furthermore, mesenchymal cells, in particular fibroblasts, play a 

pivotal role in wound healing and skin fibrosis such as keloid scarring by producing and 

remodelling ECM. However, neither fibroblast populations in healthy human dermis nor keloid 

fibroblasts are well defined or characterised. 

Due to its complexity, multicolour flow cytometry has not been previously used in order to 

assess mesenchymal cell heterogeneity in keloid scars and only limited studies have 

investigated mesenchymal cells in healthy human dermis using more than 10 markers (81). 

Using the 15-colour panel of markers designed in the previous chapter, we were able to 

analyse the mesenchymal cell populations using multiple parameters simultaneously in 

uncultured cells from human skin and keloid scar.  We hypothesised that this would reveal 

specific mesenchymal cell populations in keloid scars, which increase in cell number, as well 

as changes in the phenotype of populations, compared to healthy human skin.  

In this chapter, we identified and characterised different mesenchymal cell populations in 

human dermis and assessed changes of phenotypes in keloid scarring using multicolour flow 

cytometry. Localisation of the identified cell subsets was assessed using multicolour 

immunofluorescence microscopy. Furthermore, we compared the phenotypes of primary 

fibroblastic cell lines derived from human skin and keloid and some of their functions in vitro.  
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4.2. Methods 

The methods undertaken are described in Chapter 2. 
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4.3. Results 

4.3.1 Identifying distinct cell populations in human dermis and keloid tissue 

Multicolour flow cytometry was used to unravel the different cell populations in human dermis 

and in keloid scars.  Single-cell suspensions from healthy human dermis and keloid scars 

were stained with antibodies for CD26, CD31, CD34, CD36, CD45, CD73, CD90, CD105, 

CD146, CD144, CD271, FAP, HLA-DR and PDPN, and subsequently analysed by flow 

cytometry. After initial removal of debris and other artefacts of the flow cytometry data, as 

outlined in Chapter 3, only cells negative for CD45, a hematopoietic marker, were assessed. 

A step-wise gating strategy was developed to identify the different cell subsets in human 

dermis and keloid scar (Figure 4-1). Identified cell subsets in healthy dermis and keloid scar 

include CD146+ CD144- CD34- CD90+ pericytes, CD271+ CD146- CD90+ mesenchymal 

cells and CD26+ FAP+ CD90+ fibroblasts. In addition, we were able to identify endothelial cell 

subsets including CD144+ PDPN+ LECs and CD144+ PDPN- BECs. 

It is observed that healthy human dermis and keloid scar consist of similar cell populations. 

Hence, cell populations of interest were further characterised in this chapter in order to identify 

and understand differences between keloid scars and healthy skin on a cellular level, which 

may contribute to the keloid pathogenesis. 
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Figure 4-1: Identification of distinct cell subsets in human dermis and keloid tissue 

CD45 negative cells of healthy human dermis (A) and keloid tissue (B) were analysed using a stepwise gating 
strategy. CD90+ mesenchymal cells were further categorised into CD146+ pericytes (red box), CD271+ cell 
subsets (orange box) and FAP+ CD26+ stromal cells (green box). Endothelial cells were identified based on CD144 
expression and a lack of CD90. These CD144+ cells were further divided into PDPN+ lymphatic endothelial cells 
(purple box) and PDPN- blood endothelial cells (yellow box). This data is representative of multiple independent 
experiments (healthy dermis n=7; keloid scar n=8). 

 

4.3.2 Increase of CD271+ cells in keloid scars 

In order to investigate mesenchymal cell populations in healthy dermis and keloid scar, 

CD144+ endothelial cell subsets and CD146+ CD90+ pericytes were eliminated from our 

analysis with CD90+ CD146- CD144- mesenchymal cells remaining.  Interestingly, analysis 

of the CD90+ CD144- CD146- mesenchymal cell populations revealed a population of cells 
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expressing CD271 while being negative for CD146 (Figure 4-1).  

CD271 also known as nerve growth factor receptor (NGFR) or low-affinity p75 neurotrophin 

receptor (p75NTR) belongs to the tumour necrosis factor superfamily. Numerous studies 

suggest CD271 as a marker to isolate MSC with increased proliferation and differentiation 

potential from different tissues such as bone marrow, adipose tissue, dermis and epidermis 

(80, 201-204). However, to our knowledge CD271+ cells have not previously been implicated 

in keloid scarring. 

Comparison of the CD271+ cells between healthy human dermis and keloid scar exposed a 

significant increase of the percentage of this population in keloid scar tissue (Figure 4-2). While 

the percentage of CD271+ cells in healthy skin ranged between 0.5% and 5.5% of the parent 

population, the fraction of CD271+ in keloid scars spreads more widely with one donor 

containing 1% CD271+ cells, 4 donors ranging from 5% to 7.5% and 3 donors ranging from 

15.5% to 16.5% of CD271+ cells of the parent population. 

 

 

Figure 4-2: Increased percentage of CD271+ mesenchymal cells in keloid scars. 

Representative dot plots of CD271+ cell population in CD90+ CD144- CD146- mesenchymal cells of human dermis 
(A) and keloid scars (B). Histograms confirm positivity of CD271+ cells based on CD271 FMO controls. (C) There 
is a significant increase in CD271+ cells across all analysed skin (n=7) and keloid samples (n=8). Data are shown 
as mean ± SEM. Significance was determined by Mann-Whitney test with **p≤0.01. 
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Further characterisation of the CD271+ cells revealed heterogeneous expression of CD26, 

PDPN, FAP, CD105, CD34 and CD73 and negative expression of CD36, CD31 and HLA-DR 

(Figure 4-3). Despite differences in cell numbers for this population, there were no striking 

differences for most analysed markers between CD271+ cells from healthy human dermis and 

keloid scar.  However, CD271+ cells in keloid scars showed higher expression levels of FAP 

than in healthy dermis (Figure 4-4). A summary of the phenotypic marker expression of 

CD271+ mesenchymal cells in healthy dermis and skin is presented in Table 4-1. 

 

 

Figure 4-3: Surface marker expression of CD271+ mesenchymal cells. 

CD271+ mesenchymal cells from healthy human dermis (blue) and keloid scars (red) were analysed and compared 
for their expression of CD26, PDPN, CD105, FAP, CD36, CD34, CD73, CD31 and HLA-DR. Data are 
representative of findings across 7 dermal samples and 8 keloid samples. 
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Figure 4-4: Increased expression of FAP in CD271+ mesenchymal cells in keloid scars. 

Mean fluorescence intensities for FAP in CD271+ cells from all analysed samples are compared between healthy 
dermis and keloid scar. Data are shown as mean ± SEM. Significance was determined by Mann-Whitney test with 
**p≤0.01. 

 

 

Table 4-1: Summary of marker expression of CD271+ cells in human dermis and keloid scars. 

Markers with different expression between skin and keloid are highlighted in blue.  

Marker Skin Keloid 

CD26 -/low -/low 
PDPN +/- +/- 
CD271 + + 
CD105 -/low -/low 
FAP -/low +/- 
CD90 + + 
CD36 -/low -/low 
CD73 +/- +/- 
CD31 - - 
HLA-DR - - 
CD146 - - 
CD34 +/- +/- 
CD144 - - 
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As a next step, tissue sections from healthy human skin, normal scars and keloid scars were 

assessed using multicolour fluorescence microscopy in order to investigate the localisation of 

CD271+ cells in situ. Our data revealed the presence of two CD271+ subpopulations around 

blood vessels (Figure 4-5). CD146+ pericytes are positive for CD271 in addition to a distinct 

layer of CD271+ CD146- cells localised around the CD146+ pericytes. Furthermore, staining 

confirmed the striking increase of CD271+ cells in keloid tissue compared to healthy skin but 

also to healthy scar tissue. Thus, this increase of CD271+ cells in keloid may not just be due 

to general changes of populations in wound healing. 

In order to determine if the CD271+ cells around vessels show increased proliferation or 

differentiation potential towards myofibroblasts, we investigated the expression of ki67 and 

αSMA of CD271+ cells in situ (Figure 4-6). Expression of ki67 is strongly associated with cell 

proliferation so it is widely used as a proliferation marker, while αSMA is expressed by smooth 

muscles cells (SMCs) surrounding arteries and arterioles but has also been shown to 

upregulate fibroblast contractile activity in myofibroblasts. In keloid tissue, CD271+ cells 

surround αSMA+ pericytes however, they do not express αSMA themselves. In addition, some 

of the CD271+ cells were positive for ki67 in keloid scar while CD271+ cells in normal skin 

and normal scar were negative. 

In summary, we identified an increase of CD271+ (CD146-) mesenchymal cells in keloid 

compared to healthy human dermis and normal scar tissue. These cells are located in the 

perivascular space surrounding CD146+ CD271+ pericytes, which is often described as a 

mesenchymal stem cell niche. Furthermore, characterisation revealed that keloid CD271+ 

cells show increased expression of FAP and some positivity for ki67 in situ. While the literature 

suggests that CD271+ cells have increased proliferation and differentiation potential 

compared to CD271- cells (205), the function of CD271+ cells in keloid scarring remains to be 

determined. 
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Figure 4-5: Localisation of CD271+ cells in the perivascular space. 

Expression of CD271 was examined in combination with CD73 and CD146 in keloid (A), normal scar (B) and 
normal skin tissue (C). Grey represents DAPI staining of cell nuclei. In keloid, CD271+ CD146- cells are present in 
the adventitial space around endothelial cells and CD146+ pericytes.  Data are representative of 3 keloids, 2 normal 
scar and 3 normal skin samples. 
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Figure 4-6: ki67 and αSMA expression of CD271+ cells. 

Human keloid (A), normal scar (B) and normal skin (C) sections were stained for CD271, ki67 and αSMA. Grey 
represents DAPI staining of cell nuclei. CD271+ cells are negative for αSMA. However, some CD271+ cells in 

keloid tissue are positive for ki67.  Data are representative of 3 keloids, 2 normal scar and 2 normal skin samples. 
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4.3.3 CD26+ FAP+ fibroblasts 

Analysis of the remaining CD90+ CD146- CD271- mesenchymal cells revealed a large CD26+ 

FAP+ population making up approximately 50% of the parent population for both healthy 

dermis and keloid scar (Figure 4-7). Recently, fibroblasts expressing CD26, also known as 

dipeptidyl peptidase-4 (DPP4), have been described to have an intrinsic fibrogenic potential 

in mice (93) and expression of the related serine-protease FAP in mesenchymal cells is linked 

with tumour progression and immunosuppression in the cancer microenvironment (206). 

Based on this, we hypothesised that these cells are a crucial fibroblast population in keloid 

scarring. 

Therefore, we further examined the cell surface phenotype of this population, which revealed 

differences in expression of multiple markers between healthy dermis and keloid scar (Figure 

4-7). The most striking difference was the loss of CD34 on some of the cells in keloid scars 

leading to CD34+ and CD34- subpopulations while all CD26+ FAP+ cells in healthy dermis 

are CD34+. In addition, CD73 appeared to be downregulated in CD26+ FAP+ cells in keloid. 

In general, it appears that CD26+ FAP+ are a heterogeneous population, as there are also 

CD105+ and CD105- subpopulations for both healthy human dermis and keloid scar. 

Furthermore, bivariate plots also revealed that CD26+ FAP+ are negative for the endothelial 

marker CD31 and for the fatty acid translocase CD36. 
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Figure 4-7: Characterisation of CD26+ FAP+ cells in healthy dermis and keloid scar. 

A population of CD26+ FAP+ mesenchymal cells was identified in healthy dermis (A) and keloid scar (B).  Bivariate 
dot plots to further characterise CD26+ FAP+ cells revealed heterogeneous expression of PDPN, CD105 in both 
healthy dermis and keloid scar. In addition, some CD26+ FAP+ cells in keloid lose expression of CD34 and CD73 
leading to additional subpopulations. 

 

 

In order to validate the observed changes in expression, we compared the MFIs of multiple 

markers between CD26+ FAP+ populations from all analysed healthy dermal and keloid 

samples (Figure 4-8). This confirmed that CD34 and CD73 are significantly downregulated in 

the CD26+ FAP+ population in keloid compared to heathy dermis. Interestingly, while 

expression of FAP is significantly increased in keloid CD26+ FAP+ cells, there is no significant 

difference in expression of the related serine exopeptidase CD26 between healthy skin and 

keloid. Furthermore, the mesenchymal marker CD90 is significantly increased in keloid CD26+ 

FAP+ cells. PDPN, known to be expressed on cancer-associated fibroblasts (207), is 

expressed to the similar levels in CD26+ FAP+ fibroblasts in keloid scar and healthy dermis. 
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Figure 4-8: Comparison of MFIs of multiple markers between CD26+ FAP+ cells in healthy dermis and 
keloid scar. 

Histograms are representative of seven healthy dermal samples (blue) and eight keloid samples (red). Mean 
fluorescence intensities for all analysed samples are compared between CD26+ FAP+ cells from healthy dermis 
and keloid scar. Expression of CD34 (A) and CD73 (B) is significantly downregulated in CD26+ FAP+ cells in keloid 
compared to healthy skin, while there is no significant difference between CD26 (C) and PDPN (D) expression. 
However, fluorescence intensity of CD90 (E) and FAP (F) is significantly higher in keloid CD26+ FAP+ cells 
compared to their counterparts. Data are shown as mean ± SEM. Significance was determined by Mann-Whitney 
test with *p≤0.05, **p≤0.01 and ***p≤0.001. ns nonsignificant 

 

As a next step, we wanted to confirm that these CD26+ FAP+ mesenchymal cells are indeed 

the key keloid fibroblast population in vivo. Therefore, we stained sections from keloid tissue, 

normal scar and normal skin with different markers revealed through flow cytometry and 

examined their expression using multicolour immunofluorescence microscopy. 

We found that the keloid mass consists of CD26+ CD90+ cells readily distinguished from 

endothelial cells and CD146+ pericytes (Figure 4-9). These fibroblasts are densely packed in 

keloid tissue compared to normal scar and normal skin tissues, which also showed staining of 

CD26+ CD90+ on fibroblastic cells. 
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Co-staining for CD26+ and FAP+ revealed that double-positive cells are fibroblasts widely 

located in keloid tissue as well as in normal scar and normal skin (Figure 4-10). Consistent 

with our earlier observations using multicolour flow cytometry, most of CD26+ FAP+ fibroblasts 

lack CD34 expression while the same cells are CD34+ in normal skin and normal scar tissue. 

Endothelial cells also stain for CD34 in the different tissues - however, these lack expression 

of CD26 and FAP.  Furthermore, we confirmed that FAP+ cells also express CD90 by staining 

for both markers simultaneously (Figure 4-11).  

 

Figure 4-9: Identification of CD26+ CD90+ fibroblasts in situ. 

Expression of CD26 was examined in combination with the mesenchymal marker CD90 and pericyte marker 
CD146 in keloid (A), normal scar (B) and normal skin tissue (C). Grey represents DAPI staining of cell nuclei. Most 
fibroblasts in keloid scars express CD26 and CD90.  Data are representative of 4 keloids, 3 normal scar and 3 
normal skin samples. 



Chapter 4 

96 
 

 

Figure 4-10: CD26+ FAP+ fibroblasts in keloid scars, normal scars and normal skin in situ. 

Human keloid (A), normal scar (B) and normal skin (C) sections were stained for CD26, FAP and CD34. Grey 
represents DAPI staining of cell nuclei. In keloid CD26+ FAP+ CD34- fibroblasts are detected throughout the keloid 
mass, while CD26+ FAP+ fibroblasts in normal scar and normal skin mainly widely express CD34.  Data are 
representative of 4 keloids, 3 normal scar and 3 normal skin samples.  
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Figure 4-11: Expression of FAP, CD90 and CD34 by fibroblasts in situ. 

Tissue sections from keloid (A), normal human scar (B) and normal human skin (C) were stained for CD34, FAP 
and CD90. Grey represents DAPI staining of cell nuclei. CD90+ FAP+ mesenchymal cells are found in the different 
tissues. However, CD90+ FAP+ cells in keloid did not stain for CD34 in contrast to CD90+ FAP+ cells in normal 
scar and normal skin. Data are representative of 4 keloids, 3 normal scar and 3 normal skin samples. PD papillary 
dermis; RD reticular dermis 
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Taken together, we have identified a CD26+ FAP+ CD90+ fibroblasts population in human 

keloid, healthy skin and scar. This cell population appears to be the key keloid fibroblast 

population forming the bulk of the keloid mass, as revealed by immunofluorescence 

microscopy. Moreover, we revealed distinct differences in the phenotype of this population in 

keloid compared to healthy human dermis. The phenotypes of CD26+ FAP+ mesenchymal 

cells in human healthy dermis and keloid scars are summarised in Table 4-2. 

 

Table 4-2: Phenotype of CD26+ FAP+ cells in human dermis and keloid scars. 

Markers with different expression between skin and keloid are highlighted in blue.  

Marker Skin Keloid 

CD26 + + 
PDPN +/- +/- 
CD271 - - 
CD105 -/low -/low 
FAP + + 
CD90 + + 
CD36 - - 
CD73 + +/- 
CD31 - - 
HLA-DR - - 
CD146 - - 
CD34 + +/- 
CD144 - - 
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4.3.4 Endothelial cell populations in human dermis and keloid scar 

Only a limited number of studies have investigated the vasculature in keloid scarring. For 

instance, occlusion and increased density of vessels have been observed in keloid scarring 

(149, 163). A recent study describes expression of embryonic stem cell markers in endothelial 

cells of microvessels within immune cell cluster in keloid tissue (208). Additionally, it has been 

hypothesised that endothelial-to-mesenchymal transition may play a role in keloid formation 

(131). However, to date endothelial cells in keloid scarring have not been sufficiently 

characterised.  

Although the focus of this thesis is to investigate the mesenchymal cell populations, 

multicolour flow cytometry analysis also enabled the analysis of endothelial cell subsets in 

healthy human dermis and keloid scar. 

CD144 positive endothelial cells were further distinguished into blood endothelial cells (BECs) 

and lymphatic endothelial cells (LECs) based on the expression of PDPN as described in 

Chapter 3. In healthy human dermis, BECs are negative for CD26, CD271, FAP, CD36, CD90 

and PDPN while expressing CD105, CD73low, CD31, HLA-DR, CD146 and CD144 (Figure 

4-12). The surface marker expression of LECs in healthy human dermis differs for some 

markers as they express PDPN, CD26, CD105low, CD36, CD73, CD31low and CD144 while 

lacking expression of CD271, FAP, HLA-DR, CD146 and CD90. 

Interestingly, not only mesenchymal cell subsets had phenotypic differences between healthy 

human dermis and keloid scar but also endothelial cells showed differential expression for 

some markers. In keloid tissue, BECs appeared to express less CD31 and CD146 and more 

CD73, while LECs expressed less CD26, CD36 and CD105 compared to healthy human 

dermis (Figure 4-13). 
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Figure 4-12: Surface marker expression of blood and lymphatic endothelial cell subsets in human dermis. 

CD144+ PDPN+ LECs (purple) and CD144+ PDPN- BECs (blue) were analysed and compared for their 
expression of CD26, CD271, CD105, FAP, CD36, CD73, CD31, HLA-DR and CD146. Data are representative of 
findings across 7 dermal samples. 
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Figure 4-13: Surface marker expression of blood and lymphatic endothelial cell subsets in keloid scars. 

CD144+ PDPN+ LECs (purple) and CD144+ PDPN- BECs (blue) were analysed and compared for their expression 
of CD26, CD271, CD105, FAP, CD36, CD73, CD31, HLA-DR and CD146. Data are representative of findings 
across 8 keloids. 

 

 

These differences in expression were validated by comparing the MFIs of these markers of all 

analysed dermis and keloid samples. This confirmed that BECs express significantly higher 

levels of CD73 and lower levels of CD31and CD146 in keloid compared to healthy human skin 

(Figure 4-14). Furthermore, comparison of MFIs of CD26, CD36 and CD105 in LECs revealed 

that expression of these markers is significantly reduced in keloid scars (Figure 4-15). 

The phenotypes of the endothelial cell populations in healthy human dermis and keloid scar 

assessed by multicolour flow cytometry are summarised in Table 4-3. 
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Figure 4-14: Altered expression of CD73, CD31 and CD146 in keloid BECs. 

Representative histograms are shown for CD73, CD31 and CD146 expression (A, C, E) in healthy dermis (blue) 
and keloid scar (red).  Mean fluorescence intensities for all analysed samples are compared between BECs from 
healthy dermis and keloid scar (B, D, F). Data are shown as mean ± SEM. Significance was determined by Mann-
Whitney test with *p≤0.05 and **p≤0.01. 
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Figure 4-15: Decreased expression of CD26, CD36 and CD105 in LECs from keloid scars. 

Representative histograms are shown for CD26, CD36 and CD105 expression (A, C, E) in healthy dermis (blue) 
and keloid scar (red).  Mean fluorescence intensities for all analysed samples are compared between BECs from 
healthy dermis and keloid scar (B, D, F). Data are shown as mean ± SEM. Significance was determined by Mann-
Whitney test with *p≤0.05, **p≤0.01 and ***p≤0.001. 
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Table 4-3: Summary of marker expression of endothelial cells in human dermis and keloid scars revealed 
by multicolour flow cytometry. 

Markers with different expression between skin and keloid are highlighted in blue.  

Marker 
BECs LECs 

Skin Keloid Skin Keloid 

CD26 - - + +/- 
PDPN - - + + 
CD271 - - - - 
CD105 +/- +/- +/- low 
FAP - - -  
CD90 - - -  
CD36 - - + +/- 
CD73 +/- + +  
CD31 +/- low low low 
HLA-DR + + - - 
CD146 +/- low - - 
CD34 + + + + 
CD144 + + + + 

 

 

As a next step, we examined endothelial cells in keloid scar, normal scar and normal skin in 

situ. BECs can be identified staining for an endothelial marker such as CD31 as well as CD146 

and αSMA and to label pericytes, which surround BECs (Figure 4-16). On the other hand, 

LECs are labelled using an endothelial marker as well as PDPN to distinguish them from BECs 

(Figure 4-17). In addition, immunofluorescence microscopy confirmed our flow cytometry 

findings, showing much dimmer staining of CD31 on LECs compared to BECs in all assessed 

tissues (Figure 4-17). Furthermore, staining in Figure 4-18 demonstrates lower levels of CD26 

in keloid LECs compared to their healthy counterparts. Similarly, we found LECs in normal 

skin and normal scar express CD36, while keloid LECs lack expression of CD36 consistent 

with our previous observations (Figure 4-19). 

In summary, we have identified blood and lymphatic endothelial cell subsets using multicolour 

flow cytometry and immunofluorescence microscopy in human skin and scarring. This 

revealed for the first time phenotypic changes of endothelial cells in particular LECs in keloid 

scarring, indicating an endothelial dysfunction in keloid in addition to the well-studied changes 

in keloid fibroblast and keratinocytes. 
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Figure 4-16: Identification of BECs and CD146+ αSMA+ pericytes. 

BECs can be identified in keloid (A), normal scar (B) and normal skin (C) tissue staining for CD31, CD146 and 
αSMA. Grey represents DAPI staining of cell nuclei. CD31+ BECs are surrounded by CD146+ αSMA+ pericytes. 
Data are representative of 3 keloids, 3 normal scar and 3 normal skin samples. 
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Figure 4-17: CD31 staining of LECs and BECs in situ. 

Human keloid (A), normal scar (B) and normal skin (C) sections were stained for PDPN, CD31 and CD146 to 
assess CD31 expression in LECs and BECs. Grey represents DAPI staining of cell nuclei. Although all vessels are 
positive for CD31, PDPN+ LECs stained dimmer for CD31 than BECs in all tissues. Data are representative of 2 
keloids, 2 normal scar and 2 normal skin samples. 
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Figure 4-18: CD26 expression in LECs. 

Expression of CD26 was examined in PDPN+ CD144+ LECs in keloid (A), normal scar (B) and normal skin tissue 
(C). Grey represents DAPI staining of cell nuclei. Most keloid LECs are negative for CD26, while LECs in normal 
scar and normal skin revealed strong staining for CD26. Data are representative of 4 keloids, 3 normal scar and 3 
normal skin samples. 

 



Chapter 4 

108 
 

 

Figure 4-19: CD36 expression in LECs. 

CD36 expression was assessed in PDPN+ CD144+ LECs in keloid (A), normal scar (B) and normal skin tissue (C). 
Grey represents DAPI staining of cell nuclei. LECs in keloid tissue showed no expression of CD36, while LECs in 
normal scar and normal skin are positive for CD36. Data are representative of 4 keloids, 3 normal scar and 3 
normal skin samples. 
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4.3.5 Cultured fibroblast cell lines 

Finally, we wanted to compare our findings of uncultured cells in healthy skin and keloid with 

keloid and normal fibroblasts in vitro.  

First, we compared fibroblasts grown out from single-cell suspensions derived from healthy 

human dermis and keloid scar using a smaller version of the multicolour flow cytometry panel. 

Usually, most flow cytometry on cultured cells is done as single colour stains. However, using 

multiple colours simultaneously enabled us to investigate the heterogeneity of fibroblasts in 

vitro. All cells examined were at passage 4 and additionally, we compared the phenotype of 

the same cells after serum starvation for 3 days.  Before analysis, artefacts were removed 

from the flow cytometry data in similar manner as described in Chapter 2 (Figure 4-20).  

 

 

 

Figure 4-20: Gating strategy to remove artefacts from flow cytometry data of cultured fibroblasts. 

Cell debris (A), doublets based on FSC and SSC (B and C), nonviable cells based on DAPI staining (D) and 
contamination of CD45+ hematopoietic cells (E) were removed prior to analysis. 
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Figure 4-21 demonstrates the differences of skin and keloid fibroblast grown in DF10.  All 

fibroblasts are positive for CD73, FAP and CD90 while lacking expression of CD34, CD144 

and CD146.  Expression of CD26, PDPN and CD271 is varied with some cells being positive 

while others are negative. Overall, we noted that keloid fibroblasts express lower levels of 

CD26 compared to fibroblasts from healthy skin. Furthermore, it appeared that some keloid 

samples have much higher levels of CD271+ cells compared to the normal controls. 

 

 

 

Figure 4-21: Marker expression of skin and keloid fibroblasts cultured in DF10. 

Skin fibroblasts (blue) and keloid fibroblasts (red) cultured in DF10 were analysed and compared for their 
expression of CD26, PDPN, CD271, CD73, FAP, CD90, CD34, CD144 and CD146. Data are representative of 
findings across 5 normal skin fibroblast cell lines and 5 keloid fibroblast cell lines. 



Chapter 4 

111 
 

Due to the potential enrichment of CD271+ cells in keloid cultures, CD271 staining was 

compared against CD26 staining, which revealed the heterogeneity of the cultured fibroblasts 

(Figure 4-22 A and B). It appeared that CD271+ cells are mainly CD26- and vice versa.  This 

is consistent with the flow cytometry findings of uncultured cells where CD26+ FAP+ 

fibroblasts are CD271- and CD271+ cells lack CD26 expression (Figure 4-1 and Figure 4-3). 

Overall, three out of the five analysed keloid fibroblast lines are enriched for CD271+ cells, as 

well as one cell line derived from healthy human skin.  

 

 

Figure 4-22: CD271+ cells in skin and keloid cell cultures. 

Representative dot plots of CD271 against CD26 of cultured fibroblasts derived from keloid scars (A) and human 
dermis (B). Histograms show CD271 intensities of stained fibroblasts (red) and unstained controls (blue).  (C) Three 
of the keloid cell lines (n=5) and one skin cell line (n=5) is enriched for CD271+ cells. Data are shown as mean ± 
SEM. Significance was determined by Mann-Whitney test with ns≥0.05. ns nonsignificant 

 

 

As a next step, we analysed the same cells after 3 days of serum starvation in order to 

determine which markers are regulated through serum in culture media. This revealed that 

staining intensities of CD26, PDPN, CD73, FAP, CD90 and CD34 are slightly increased after 
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culture for three days in serum-free media compared to DF10 for both normal skin and keloid 

fibroblasts (Figure 4-23 and Figure 4-24). However, overall the expression pattern between 

cells cultured in serum and serum-free is not drastically changed. 

Phenotypes of cultured fibroblasts from keloid or healthy dermis in serum-supplemented and 

serum-free media are summarised in Table 4-4. 

 

 

Figure 4-23: Marker expression of skin fibroblasts cultured in DF10 and D0. 

Skin fibroblasts cultured in DF10 (blue) and skin fibroblasts cultured in serum-free D0 for three days (orange) were 
analysed and compared for their expression of CD26, PDPN, CD271, CD73, FAP, CD90, CD34, CD144 and 
CD146. Data are representative of findings across 5 normal skin fibroblast cell lines. 
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Figure 4-24 Marker expression of keloid fibroblasts cultured in DF10 and D0. 

Keloid fibroblasts cultured in DF10 (red) and keloid fibroblasts cultured in serum-free D0 for three days (green) 
were analysed and compared for their expression of CD26, PDPN, CD271, CD73, FAP, CD90, CD34, CD144 and 
CD146. Data are representative of findings across 5 keloid fibroblast cell lines. 
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Table 4-4: Summary of marker expression of cultured fibroblasts by multicolour flow cytometry. 

Passage 4 fibroblasts derived from healthy skin and keloid scars were cultured in DF10 or D0 for 3 days and 
subsequently analysed using multicolour flow cytometry.  

Marker 
Skin fibroblasts Keloid fibroblasts 

DF10 D0 DF10 D0 

CD26 +/- +/- +/- +/- 
PDPN +/- +/- +/- +/- 
CD271 +/- +/- +/- +/- 
FAP + + + + 
CD90 + + + + 
CD73 + + + + 
CD146 - - - - 
CD34 - -/low - -/low 
CD144 - - - - 

 

 

As a next step, we wanted to assess functional differences of these fibroblasts. A key feature 

of keloids is the increased proliferation rates and decreased apoptosis of keloid fibroblasts in 

vivo. Therefore, we used the label-free real-time cell analysis system xCELLigence to track 

the attachment, spreading and proliferation of the fibroblasts in vitro. We found that the cell 

index steadily increases in a linear manner after 48h indicating that fibroblasts start to 

proliferate after 48h, following an initial attachment and lag phase (Figure 4-25). Despite minor 

changes between the different donors shown in the standard deviation, there is overall no 

difference in proliferation rate between keloid and healthy skin donors. This suggests that even 

though keloid fibroblasts seem to be more proliferative in vivo, in culture this difference in 

proliferation potential between normal skin fibroblasts and keloid fibroblasts is not maintained. 
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Figure 4-25: Real-time cell analysis of keloid and normal skin fibroblasts in vitro. 

Increasing cell index over 240h was observed from normal skin fibroblasts (n=5, blue) and keloid fibroblasts (n=5, 
red) (all cells at passage 3). The growth phase of fibroblasts begins at approximately 48h after the initial attachment 
and lag phase. Data are shown as mean ± SD. 

 

 

In addition, a key feature of keloid scars is their ability to invade into the surrounding healthy 

skin tissue. Hence, we analysed the migration and invasion potential of normal skin and keloid 

fibroblasts in vitro. Initially, we assessed the migration of keloid and skin fibroblasts on plastic 

by scratch wound assay using Incucyte ZOOM technology allowing for label-free real-time cell 

analysis. Fibroblasts from both keloid scar and normal skin can be seen to migrate into the 

empty scratch wound area over time (Figure 4-26). However, Figure 4-26 highlights that there 

was no significant difference in relative wound density and wound confluence over time 

between fibroblasts from normal skin and keloid scar. Thus, keloid and normal skin fibroblast 

migrate to similar levels into an empty wound area in vitro. 
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Figure 4-26: Scratch wound cell migration assay using IncuCyte ZOOM. 

Migration of skin fibroblasts (A) and keloid fibroblasts (B) was observed over time. All cells analysed were at 
passage 4. The initial empty wound area is highlighted in yellow and the empty wound space at each time point is 
presented in cyan. Images are representative of 3 analysed keloid cell lines and 3 analysed normal skin fibroblast 
lines.  (C) The closure of the scratch wound area over time was quantified as relative wound density (RWD) and 
wound confluence (D) (keloid n=3, skin n=3). Data are shown as mean ± SEM. 
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To better mimic the microenvironment in vivo, we coated the wells with collagen and assessed 

whether collagen coating might affect the migration of fibroblasts in culture. Keloid and skin 

fibroblasts close the wound area after 24h if seeded onto a collagen matrix while for fibroblast 

directly seeded onto plastic empty wound space is still visible at 48h (Figure 4-27). 

Quantification of the relative wound density confirmed that fibroblasts from both healthy skin 

and from keloid migrate faster if seeded onto collagen (Figure 4-28). While keloid fibroblasts 

migrate significantly faster on collagen coating than on plastic (Figure 4-28 B), there was no 

significant difference between the cell migration of normal skin fibroblasts on collagen 

compared to the same cells on plastic (Figure 4-28 A). However, the speed of cell migration 

for both cell types appear to be very similar and there is no significant difference in migration 

potential between the fibroblasts derived from the different tissues (Figure 4-28 C). 

 



 

 

 

 

Figure 4-27: Fibroblasts migration on collagen coating. 

Migration of skin fibroblasts (A) and keloid fibroblasts (B) with and without collagen coating prior to seeding was observed over time. All cells analysed were at passage 7. The 
initial empty wound area is highlighted in yellow and the empty wound space at each time point is presented in green. Images are representative of 3 analysed keloid cell lines 
and 3 analysed normal skin fibroblast lines. Fibroblasts seeded on collagen achieved closure of the wound area after 24h while the same cells on plastic are still migrating into 
the empty wound space. 
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Figure 4-28: Quantification of fibroblasts migration on collagen coating. 

Migration of skin fibroblasts (A) and keloid fibroblasts (B) with and without collagen coating prior to seeding was 
observed over time. (C) RWD over time of all analysed conditions.  Data are shown as mean ± SEM (keloid n=3, 
skin n=3). Significance was determined by two-way analysis of variance (ANOVA) with Sidak’s correction for 

multiple comparisons with *p≤0.05 and **p≤0.01. 

 

 

 



Chapter 4 

120 
 

Finally, we embedded the cell lines into a 3D collagen matrix by coating the wells with collagen, 

then seeding and scratching the cells and subsequently overlaying them with a collagen gel. 

This revealed that keloid fibroblasts invade into a collagen matrix significantly faster than 

fibroblasts from healthy skin (Figure 4-29). While at 48h the wound area of fibroblasts is 

closed, skin fibroblasts only achieved confluence after approximately 60h post wounding. In 

addition, it was noted that the morphology of the cells changes when embedded in a collagen 

matrix compared to grown on plastic (Figure 4-30).  

Time-lapse videos of all three scratch wound experiments are provided on the supplementary 

CD-ROM. 
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Figure 4-29: Collagen invasion assay using IncuCyte ZOOM. 

Invasion of skin fibroblasts (A) and keloid fibroblasts (B) into a 3D collagen matrix was observed over time. All cells 
analysed were at passage 6. The initial empty wound area is highlighted in yellow and cyan denotes the empty 
wound space at each time point. Images are representative of 3 analysed keloid cell lines and 3 analysed normal 
skin fibroblast lines. Keloid fibroblasts invade into a collagen matrix significantly faster than normal skin fibroblasts.  
(C) The closure of the scratch wound area over time was quantified as relative wound density (RWD) (keloid n=3, 
skin n=3). Data are shown as mean ± SEM. Significance was determined by two-way analysis of variance (ANOVA) 
with Sidak’s correction for multiple comparisons with *p≤0.05, **p≤0.01 and ***p≤0.001. 
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Figure 4-30: Morphological differences of fibroblasts. 

Differences in the morphology of fibroblasts between migrating cells on plastic (A) and cells invading a collagen 
matrix (B) are observed. 

 

 

Taken together, the comparison of primary cell lines from keloid scar and normal skin suggests 

that most differences between the phenotype of keloid and skin fibroblasts in vivo are not 

maintained in vitro as the expression of most markers examined by flow cytometry is similar 

between keloid and normal skin fibroblasts. Furthermore, we have shown that some of the 

functional keloid characteristics such as the increased invasion potential remain for keloid 

fibroblasts in vitro, while migration and proliferation rates between keloid and normal skin 

fibroblasts are similar.  In addition, we found that some of the fibroblast cultures are 

heterogeneous with a subset of cells expressing CD271+, indicating that potentially CD271+ 

mesenchymal cells are maintained in fibroblast cell culture. 
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4.4. Discussion 

To our knowledge, this is the first study using multicolour flow cytometry and immuno-

fluorescence microscopy to unravel and characterise the different mesenchymal cell subsets, 

as well as BECs and LECs, in uncultured samples from human skin and keloid scars. 

Furthermore, this study reports for the first time the presence of CD271+ mesenchymal cells 

in the adventitial space around blood vessels in keloid scarring. In addition, we compared the 

phenotypic and functional differences of primary fibroblasts from normal skin and keloid scars 

in vitro. 

 

4.4.1 CD271+ mesenchymal cells 

We have shown for the first time that CD271+ mesenchymal cells are present in keloid scars 

and flow cytometry revealed that their numbers are increased compared to normal skin.  

CD271 is a receptor for neurotrophins, which are known to regulate development, survival and 

function of neurons. However, CD271 has also been recently described as a marker for 

mesenchymal stem cells. Quirici et al. revealed that CD271+ CD45- cells isolated from bone 

marrow have fibroblastic colony-forming units (CFU-F) activity, while the CD271- population 

showed no residual CFU-F activity (204). Furthermore, Mabuchi et al. provide evidence that 

CD271+ CD90+ cells are highly enriched MSC derived from bone marrow (201).  In addition, 

cultured dermal fibroblasts enriched for CD271+ have an increased adipogenic, osteogenic, 

and chondrogenic differentiation potential (80).  Thus, this suggests that CD271+ populations 

are enriched for stem cell properties such as increased differentiation and CFU-F potential 

and therefore may play a crucial role in the pathogenesis of keloid scarring. 

Recently, a study in mice has shown that the CD271+ cell numbers increase after wounding 

peaking at 3 days post wounding and that sorted CD271+ cells from dermis have an increased 

expression of growth factors and cytokines (209). The same study also revealed that the 

CD271+ cell count in patients with chronic ulcers is significantly decreased in the wound edge 
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and bed (209). This suggests that CD271+ cells play a key role in the wound healing process 

and thus, increased levels of CD271+ cells may contribute to the excessive fibrosis in keloid 

scars, which are on the opposite end of the wound healing spectrum compared to non-healing 

ulcers. 

Investigation of the in situ localisation of CD271+ cells revealed that CD271+ CD146+ cells 

are found in the perivascular niche in skin and in keloid tissue surrounded by a distinct CD271+ 

CD146- cell layer. Furthermore, we have found that the CD271+ CD146- adventitial layer is 

thickened in keloid tissue compared to normal scars and normal skin. A previous study by 

Tormin et al. has shown that CD271+ CD146+ cells are also located perivascularly in bone 

marrow (210). However, CD271+ C146-/low cells have been described to be located in the 

endosteum and not around vessels (210).  

We have shown that some CD271+ cells stained positively for ki67 in keloid tissue in contrast 

to CD271+ cells in normal skin and normal scar. However, it remains to be determined if 

CD271+ from keloid scars are indeed more proliferative than their counterparts in human skin 

or the CD271- cell populations in keloid scarring. This may be assessed in the future by sorting 

the according populations from fresh single-cell suspensions from keloid tissue and human 

dermis and subsequently culture the populations in order to assess their proliferation and 

differentiation potential.  

In addition, we have found that some primary cell lines from skin, but mainly from keloid scars, 

contain a CD271+ CD26- fraction in vitro. This is consistent with our flow cytometry data of 

uncultured cells from human dermis and keloid tissue as CD271+ CD146- cells lack 

expression of CD26 while fibroblasts are CD26+ and lack expression of CD271. Considering 

that CD271+ cells are hypothesised to be a progenitor cell population or even MSC with an 

increased proliferation potential, our data suggest that CD271+ mesenchymal cells are able 

to grow in fibroblast cultures and remain in culture over multiple passages. 

In summary, we have described for the first time an increase of CD271+ mesenchymal cells 

in keloid scarring. Our findings and the literature suggest these cells may have stem cell 
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potential and also play a crucial role in the wound healing. However, the exact functions of 

CD271+ cells in keloid scarring remain to be determined. 

 

4.4.2 CD26+ FAP+ fibroblasts 

This is the first study using multicolour flow cytometry to investigate fibroblast populations in 

primary, uncultured keloid scars. We have identified and characterised a CD26+ FAP+ 

fibroblast population in human skin and keloid scars, which appears to be the main fibroblast 

population within the keloid mass in situ. In healthy human skin, these cells express CD90, 

CD73 and CD34 in addition to CD26 and FAP, while lacking expression of the hematopoietic 

marker CD45, endothelial markers CD144 and CD31, HLA-DR, CD36, CD146 and CD271. 

However, some CD26+ FAP+ cells express PDPN and CD105. Assessment of the same 

population in keloid scars revealed some phenotypic differences between CD26+ FAP+ cells 

from normal skin and from keloid scars, such as downregulation of CD34 and CD73 

expression in keloid scarring, while CD90 and FAP appear to have higher expression in keloid 

scars. However, the exact functional differences of these populations from healthy human skin 

and keloid scars remain to be investigated. 

A previous study by Rinkevich et al. identified a fibroblasts population expressing CD26, which 

originates from Engrailed-1 (En1) embryonic cells, with an intrinsic fibrogenic potential in mice 

(93). This CD26+ fibroblast lineage is found to be responsible for the connective tissue 

deposition in the dermis leading to scar formation (93). This suggests that the identified CD26+ 

FAP+ fibroblasts may contribute to the fibrosis and excessive collagen formation in keloid 

scars.  To date, only a small number of studies have investigated the implications of CD26 

expressing fibroblasts in keloid scarring. Thielitz et al. investigated CD26 expression on 

cultured fibroblasts and revealed that a higher fraction of normal skin fibroblasts expresses 

CD26 compared to keloid fibroblasts as well as an increased CD26 enzymatic activity in 

normal skin fibroblasts (141). Despite this, the authors have shown that CD26/ DPP4 inhibitors 
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decrease proliferation, TGF-β1 expression, and secretion of procollagen 1 C-terminal peptide 

in both normal and keloid fibroblasts in vitro (141). In addition, DPP4 inhibitors reduce matrix 

deposition, and collagen and fibronectin expression upon TGF-β1 stimulation (141).  In 

contrast, Xin and his team reported that CD26 expression and the number of CD26+ subsets 

is increased in keloid fibroblasts compared to normal skin fibroblasts (143). However similarly 

to the study from Thielitz et al. (141), Xin et al. showed that CD26+ fibroblasts have increased 

proliferation rates and enhanced expression of genes associated with fibrosis such as TGF-

β1, IGF-1, IL6, collagen 1, collagen 3 and fibronectin, which was reduced by Diprotin A, a 

CD26 inhibitor, in CD26+ keloid fibroblasts (143). Furthermore, CD26+ fibroblasts had an 

increased invasion ability in a transwell assay compared to CD26- fibroblasts (143). While the 

studies above only investigated CD26+ and CD26- fibroblast subpopulations in vitro, we have 

identified and characterised the CD26+ FAP+ fibroblasts in uncultured cells derived from 

normal skin and keloid scars as well as in keloid tissue in situ. Moreover, our findings in 

cultured fibroblasts derived from normal skin and keloid scar confirm the heterogeneity of 

cultured fibroblasts observed by the teams of Xin and Thielitz with the presence of CD26+ 

cells and CD26- cells in vitro. However, our study suggests that the CD26- population may be 

the CD271+ mesenchymal cell population identified by flow cytometry growing in culture. 

FAP is closely related to CD26 and has endopeptidase activity in addition to the dipeptidyl 

peptidase activity shared with the other members of the DPP4 protein family (211). FAP is 

thought to be absent from most healthy adult tissues, however, expression of FAP has been 

observed in cancer especially in stromal fibroblasts in epithelial cancers, during wound healing 

and in sites of inflammation (211). In contrast to this, we have observed CD26+ FAP+ 

fibroblasts in both uncultured healthy dermis and keloid scars, using multicolour flow cytometry 

on freshly prepared cells and immunofluorescence microscopy on tissue. To our knowledge, 

only two studies have reported involvement of FAP in keloid progression. Seifert et al. revealed 

that cultured fibroblasts from different sites within a keloid lesion expressed significantly higher 

mRNA levels of FAP compared to fibroblasts from healthy skin donors (57). In addition to this, 
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Dienus et al. reported elevated FAP protein levels on keloid fibroblasts and inhibition of 

FAP/DPP4 activity reduced the increased invasion potential of keloid fibroblasts compared to 

control fibroblasts (142).  We have found increased expression of FAP in uncultured fibroblasts 

from keloid compared to normal fibroblasts. However, the expression levels of FAP were not 

different between normal and keloid fibroblasts in vitro. Overall, these data suggest that 

CD26+ FAP+ fibroblasts may be a key cell population in keloid scarring, which may be 

targeted with readily available DPP4 inhibitors for keloid treatment. 

Furthermore, we have shown significantly decreased expression of CD34 and CD73 and 

increased expression of CD90 in CD26+ FAP+ fibroblasts in keloid compared to skin.  CD90, 

also known as Thy-1, is a cell surface glycosylphosphatidylinositol (GPI)-anchored 

glycoprotein and is involved in cell-cell and cell-matrix interactions as well as cell motility (212).  

CD34 is a transmembrane phosphoglycoprotein, which is expressed by a broad range of cell 

types such as hematopoietic, stromal, epithelial, and endothelial cells. The function of CD34 

still remains uncertain, however, CD34 expression has been linked with regulation of cell 

adhesion, proliferation and differentiation (200). Loss of CD34 expression on dermal 

fibroblasts has been previously reported in keloid scars but also other skin diseases such as 

systemic sclerosis (213, 214).  CD73 or ecto-5’-nucleotidase is an extracellular adenosine-

generating enzyme, which converts AMP (derived by CD39 converting ATP into AMP) to 

immunosuppressive adenosine (ADO). Extracellular ADO levels generated by CD39 and 

CD73 have been linked to dermal fibrogenesis in mice (215). This is in contrast to our findings, 

where keloid fibroblasts downregulate expression of CD73. However, this suggests that lower 

levels of CD73, and subsequently ADO, may play a role in the inflammatory processes 

involved in keloid scarring. 

Overall, we have identified a CD26+ FAP+ fibroblast population in human dermis and in keloid 

scarring. CD26+ FAP+ fibroblasts form the bulk of keloid lesions suggesting that these cells 

are a crucial cell population in keloid pathogenesis. Phenotypic differences between these 

populations in healthy skin and in pathological scarring suggest altered functions of this 
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population in healthy skin compared to keloids. As a next step, these functional differences of 

CD26+ FAP fibroblasts in healthy human dermis and in keloid scarring require further 

investigation. 

 

4.4.3 Endothelial cell subsets 

In addition to mesenchymal cells, we were have also assessed BECs and LECs using 

multicolour flow cytometry and immunofluorescence microscopy. Little is known about 

endothelial cells in keloid scarring, however, we were able to reveal phenotypic differences 

between the populations in healthy skin and keloid scarring. These observations indicate that 

there is not just a mesenchymal dysfunction in keloid scarring but also differences in 

endothelial cell subsets. 

One of the most striking differences we found was the downregulation of CD26 and CD36 in 

LECs in keloid scars. Expression of CD26 in LECs has been revealed by Shin et al., who also 

showed that siRNA mediated knockdown of CD26 leads to inhibited adhesion to collagen 

type I and to fibronectin, as well as decreased cell migration and tube formation (216).  CD36, 

also called fatty acid translocase, is an endothelial receptor for thrombspondin-1 (TSP-1), 

which has been described as an inhibitor of angiogenesis (217, 218). Interestingly, CD36 

expression has been reported in BECs while LECs appear to be negative or only sparsely 

expressing CD36 (217). This is in contrast to our findings as we observed CD36 expression 

on LECs by flow cytometry and immunohistochemistry in human dermis. Thus, the function of 

CD36 on LECs remains uncertain. 

Furthermore, we have shown that BECs express higher levels of the endothelial marker CD31 

(platelet endothelial cell adhesion molecule (PECAM-1)) compared to LECs. This is consistent 

with previous observations by Podgrabinska and colleagues, who also observed lower 

expression of CD31 in lymphatic endothelium compared to BECs in situ and in vitro (219). In 

addition to this, our flow cytometry data suggest that CD31 expression in BECs is decreased 
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in keloid scars compared to normal skin. Expression of CD146, also known as melanoma cell 

adhesion molecule or S-Endo 1 endothelial-associated antigen, has also been shown to be 

lowered in keloid BECs compared to normal skin BECs. CD146 and CD31 are both in involved 

in endothelial cell-cell cohesion (220, 221), which suggests a dysfunction of the endothelial 

cell-cell contact in keloid scarring. 

Taken together, BECs and LECs appear to have an altered expression of multiple cell surface 

markers in keloid scarring. However, further investigation is required to understand the role of 

these surface proteins and how endothelial function in keloid scarring is altered. Examination 

of functional changes of the endothelium may ultimately contribute to an improved insight into 

keloid formation. 

 

4.4.4 Primary fibroblast cell lines 

Finally, we assessed phenotypic and functional differences of fibroblasts derived from healthy 

human skin or keloid scars in vitro. We have shown that normal skin and keloid fibroblasts 

have similar phenotypes in culture with expression of CD73, CD90 and FAP, while some 

express PDPN, CD26 and CD271, and all fibroblasts lack expression of CD45, CD34, CD144 

and CD146. Furthermore, functional analysis revealed similar proliferation rates and migration 

potential for keloid and skin fibroblasts, while keloid fibroblasts have increased abilities to 

invade into a 3D collagen matrix. 

Despite similar phenotypes between normal skin and keloid fibroblasts in vitro, we have shown 

that the biggest discrepancy between these cells is in expression of CD26 and CD271. We 

found that cultures with lower numbers of CD26+ cells have an increased number of CD271+ 

cells, which lack expression of CD26, and vice versa. It appears that in those cultures 

potentially two different types of cells are growing, CD26+ fibroblasts and CD271+ 

mesenchymal cells. However, the source of these differences requires further investigation, 

for instance by sorting pure populations and growing them in culture to assess whether 
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heterogeneity is established in culture or if in fact two different cell types are growing.  

Consistent with our flow cytometry data of uncultured cells, fibroblasts stain positive for CD90 

and FAP while being negative for CD45, CD146 and CD144. Although keloid fibroblasts lose 

expression of CD73 in situ, normal skin and keloid fibroblasts express CD73 in culture. This 

suggests that some changes that occur in keloid fibroblasts in vivo may be reversed under 

culture conditions.  Furthermore, although most uncultured fibroblasts in normal skin and some 

fibroblasts in keloid scars express CD34, expression of CD34 is lost in vitro. This phenomenon 

has been previously reported for various mesenchymal cells including cultured dermal 

progenitors, ASC and BMSC (81, 222, 223). However, we found that some cells upregulate 

CD34 after 3 days of serum starvation, which indicates that the loss of CD34 in vitro may be 

due to serum in the culture media.  Overall, our analysis showed that removal of serum in 

media only lead to subtle shifts in marker expression rather than a complete up- or 

downregulation of markers. 

Further analysis of cultured fibroblasts also revealed functional similarities between keloid and 

skin fibroblasts in vitro. Due to the keloid characteristics in vivo, we were expecting some 

differences in proliferation potential between keloid and skin fibroblasts. However, our real-

time cell analysis demonstrated that there is no difference in proliferation between cultured 

keloid and healthy skin fibroblasts. Overall, we observed some variations between donors 

from both healthy skin and keloid scars leading to an increased standard deviation. The 

literature surrounding proliferation of keloid fibroblasts is contradictory with some studies 

reporting similar to our findings no significant difference in proliferation between keloid and 

normal skin fibroblasts (88, 224), while others report that keloid fibroblasts proliferate faster 

than normal skin fibroblasts (225). We assume that the keloid microenvironment may drive 

the increased proliferation of keloid fibroblasts in vivo. However, once taken out of the 

microenvironment and grown in culture, keloid fibroblasts lose their increased ability to 

proliferate and instead proliferate at a similar rate as normal skin fibroblasts. 

Finally, we assessed the migration and invasion potential of fibroblasts in vitro. We have 
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shown that keloid and skin fibroblasts migrate into an empty wound area at a similar pace, 

however keloid fibroblasts invade into empty collagen matrix at faster rates than normal skin 

fibroblasts in vitro. Interestingly, previous studies have reported that keloid fibroblasts migrate 

faster than normal skin fibroblasts or extralesional skin fibroblasts (225, 226). However, 

consistent with our data multiple studies also reveal an increased invasiveness of keloid 

fibroblasts compared to normal skin fibroblasts (142, 224, 226). Collagen invasion is an active 

process that requires enzymatic degradation of collagen hence, our data suggest that the 

expression of responsible enzymes for the invasion of keloids in vivo must be maintained 

during culture. 

In conclusion, we have shown that keloid and skin fibroblasts under culture conditions show 

similar phenotypes and functional characteristics, such as proliferation and migration abilities. 

However, a key difference in functional characteristics, namely increased invasiveness of 

keloid fibroblasts, is maintained in vitro. Numerous other studies have also hypothesised that 

the in vivo microenvironment plays an important role for the characteristics of keloid 

fibroblasts, and once taken out of their microenvironment and grown in culture many of the 

key features of keloids are lost (149, 227).  Ultimately, understanding how skin and keloid 

fibroblasts differ once grown in culture is crucial for keloid research, as to date there is no 

animal model to study keloid progression and most keloid research are in vitro studies.
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 Transcriptional analysis of mesenchymal cell 

populations and fibroblasts isolated from human dermis 

and keloid scars 

5.1. Introduction 

Keloids scars are fibrotic lesions characterised by excessive fibroblast proliferation and ECM 

deposition in the dermis as well as growth beyond the original wound site. Fibroblasts are 

thought to be the main cell type responsible for keloid formation. However, dermal fibroblasts 

are a highly heterogeneous population of cells (1, 84) and to date, the distinct fibroblast 

subsets involved in keloid formation remain to be determined. 

Microarrays and next-generation sequencing are powerful high-throughput technologies used 

to reveal the differences in gene expression between healthy and pathological samples. 

Multiple gene expression studies, mainly using microarray technology, have been undertaken 

to study keloid disease (101, 116, 228-231). However, all of these studies assessed the gene 

expression of either keloid tissue or cultured cells derived from whole keloid scar samples.  

Therefore, the power of these studies is impacted by either analysing multiple cell populations 

at once in vivo by using whole tissue samples, or by analysing the cells out of their in vivo 

microenvironment and affected by adaption to growth on plastic in cell culture, which 

significantly alters cells gene expression profiles (232). In order to accommodate for some of 

the differences within keloid scars, one study analysed different sites within keloid lesions. 

Jumper et al. (2017) combined laser capture microdissection and microarray analysis to study 

the gene expression of dermal and epidermal samples obtained from extralesional (adjacent 

normal skin to the keloid lesion), perilesional (margin of the keloid lesion), and intralesional 

(centre of the keloid lesion) sites of keloid scars (233). However, these samples may still 

consist of several different cell populations, potentially averaging out important changes in 
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gene expression that may be only occurring in a single cell type within the keloid scar. 

We have identified in the previous chapter distinct mesenchymal cell subsets including CD26+ 

FAP+ fibroblasts and CD271+ mesenchymal cells in healthy human dermis and in keloid 

scars. Given that our data showed that the CD26+ FAP+ fibroblasts form the bulk of keloid 

lesions and CD26 has been described as a marker of fibroblasts with intrinsic fibrogenic 

potential in mice (93), we hypothesised that CD26+ FAP+ cells play a crucial role in promoting 

fibrosis in keloid scarring.  Furthermore, CD271+ cells have been of recent interest in the 

mesenchymal field as progenitor cell population with increased proliferation and differentiation 

potential (80, 205). However, they have not been identified and described in keloid scars yet. 

Due to their potential function as the progenitor population and their distinct niche in the 

perivascular space, we hypothesised that CD271+ may also contribute to keloid pathogenesis.   

Thus, we aimed to understand and identify the differences in the molecular profiles of CD26+ 

FAP+ fibroblasts and CD271+ cells in keloid scarring by sorting the cell populations from 

healthy human skin and keloid scars and subsequently analysing their transcriptomes by RNA 

sequencing, which has a broader dynamic range than microarrays. In addition, we aimed to 

investigate the differential gene expression of cultured fibroblasts derived from healthy human 

skin and keloid scars in order to understand the differences in gene expression of these cell 

lines in vitro as well as how the differential expression changes from in vivo to in vitro. 
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5.2. Methods 

The methods undertaken are described in Chapter 2. 
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5.3. Results 

5.3.1 RNA isolation of sorted cell populations  

In the previous chapter, we identified two distinct cell populations, CD271+ mesenchymal cells 

and FAP+ CD26+ fibroblasts, in healthy skin and in keloid scars. In order to evaluate their 

gene expression, the populations of interest were isolated from uncultured cell suspensions 

from human dermis and keloid scar using FACS. A FACS panel and gating strategy were 

designed using the relevant markers, CD26, CD34, CD45, CD90, CD144, CD146, CD271 and 

FAP, in order to enrich for distinct populations of cells (Figure 5-1). After removal of debris, 

cell doublets and dead cells, cells positive for the hematopoietic marker CD45 and positive for 

the endothelial and pericyte marker CD144 and CD146 were excluded using a dump channel, 

which combines both markers in the same channel. Cells positive for the mesenchymal marker 

CD90 were selected and subsequently enriched populations of CD271+ CD90+ cells and 

CD26+ FAP+ CD90+ cells were sorted. 

Total RNA of the cell fractions was extracted immediately after sorting and RNA quantity and 

quality were assessed using Qubit fluorometer and Agilent 2100 Bioanalyzer, respectively 

(Table 5-1). Due to the low cell numbers and subsequent limited amount of RNA in CD271+ 

cells from healthy human skin, cDNA libraries from only four CD271+ cell samples from keloid 

scars were constructed and subsequently sequenced. 
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Figure 5-1: Isolation of enriched cell populations from healthy dermis and keloid scars by FACS. 

Stepwise gating strategies are depictured to isolate CD271+ cells (orange box) and FAP+ CD26+ cells (red box) 
from cell suspensions from ex vivo healthy human skin (A) and keloid scars (B). Debris, doublets and dead cells 
were removed from the analysis. In addition, cells positive for CD45 as well as CD146 and CD144 (DUMP channel) 
were excluded, while only CD90+ cells were selected. These data are representative of multiple independent 
experiments (healthy dermis n=5; keloid scar n=5). 
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Table 5-1: Summary of quantity and quality of extracted total RNA from sorted cell populations. 

Samples highlighted in red were not analysed by RNA sequencing due to limited RNA. 

Donor Cell population Cell # RNA quantity (ng/µL) RIN 

Skin 1 CD26+ FAP+ 161,897  8.02 7.4 

Skin 2 CD26+ FAP+ 623,930  30.6 7.9 

Skin 3 CD26+ FAP+ 167,601  6.80 N/A 

Skin 4 CD26+ FAP+ 1,312,764  23.2 7.4 

Skin 5 CD26+ FAP+ 1,072,414  30.4 6.6 

Keloid 1 CD26+ FAP+ 534,387 130 8.4 

Keloid 2 CD26+ FAP+ 710,862 126 8.2 

Keloid 3 CD26+ FAP+ 150,000 4.34 7.8 

Keloid 4 CD26+ FAP+ 482,334 90.0 8.0 

Keloid 5 CD26+ FAP+ 142,584 2.75 8.5 

Skin 1 CD271+ 5,548 5.78 N/A 

Skin 2 CD271+ 16,185 4.00 7.7 

Skin 3 CD271+ 19,692 0.24 7.8 

Skin 4 CD271+ 18,579 0.07 7.0 

Skin 5 CD271+ 75,295 1.32 N/A 

Keloid 1 CD271+ 167,144 17.8 8.7 

Keloid 2 CD271+ 42,398 5.58 N/A 

Keloid 3 CD271+ 8,000 0.11 6.5 

Keloid 4 CD271+ 55,392 7.06 N/A 

Keloid 5 CD271+ 96,426 7.08 N/A 

RIN, RNA integrity number 

 

 

 

5.3.2 Transcriptional analysis of CD26+ FAP+ fibroblasts in healthy human 

dermis and keloid scars 

Comparison of gene transcription between CD26+ FAP+ cells from healthy human dermis and 

keloid scars revealed 5,106 differentially expressed genes (3,353 distinct after additional 

annotation) that were significant at p<0.05. After multiple testing correction, 1,402 genes 

(1,131 unique after additional annotation) of the total 5,106 genes remained significant with 

q<0.05. Differential gene expression between CD26+ FAP+ cells in keloid scars and healthy 
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human skin is presented as volcano plot in Figure 5-2. The top 25 statistically significant 

(p>0.05) up- and downregulated genes in keloid CD26+ FAP+ cells are listed in Table 5-2 and  

Table 5-3, respectively. 

 

 

 

Figure 5-2: Volcano plot of differential gene expression between CD26+ FAP+ cells from healthy dermis 
and keloid scars 

Distinct differentially expressed genes are represented as dots or circles with their size represented proportional to 
their expression levels (mean FPKM). Genes with statistically significant (p<0.05) fold-changes (FC) >2 (relative 
expression >1) are coloured in blue if increased in keloid scar and green if increased in healthy human dermis. 
Genes remaining significant after multiple testing correction (q<0.05) are labelled and their size is represented 
proportional to their expression levels. 
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Table 5-2: Top 25 upregulated genes in FAP+ CD26+ population in keloid scars with p-value ≤ 0.05. 

Gene Gene name ID log2(FC) p-value q-value 

ASPN Asporin MSTRG.84860 7.07 3.45E-06 1.19E-03 

POSTN Periostin MSTRG.22268 6.66 2.17E-04 9.95E-03 

COL3A1 
Collagen type 3 alpha 1 
chain 

MSTRG.48028 6.59 1.49E-07 4.02E-04 

COL1A1 
Collagen type 1 alpha 1 
chain 

MSTRG.35625 6.23 1.19E-07 3.84E-04 

INS-IGF2 INS-IGF2 readthrough MSTRG.12709 5.54 7.54E-07 9.30E-04 

THBS4 Thrombospondin 4 MSTRG.66839 5.40 1.05E-04 6.55E-03 

COL1A2 
Collagen type 1 alpha 2 
chain 

MSTRG.77343 5.20 1.78E-07 4.11E-04 

TAGLN Transgelin MSTRG.16553 5.19 3.35E-06 1.19E-03 

COMP 
Cartilage oligomeric matrix 
protein 

MSTRG.40582 5.15 7.94E-04 1.96E-02 

SFRP4 
Secreted frizzled related 
protein 4 

MSTRG.75902 5.15 1.01E-04 6.40E-03 

SPARC 
secreted protein acidic and 
cysteine rich  

MSTRG.68721 5.05 1.76E-05 3.09E-03 

H19 
H19, Imprinted Maternally 
Expressed Transcript (Non-
Protein Coding) 

MSTRG.12696 4.92 7.33E-04 1.90E-02 

COL5A2 
Collagen type 5 alpha 2 
chain 

MSTRG.48042 4.71 1.40E-06 9.96E-04 

COL11A1 
Collagen type 11 alpha 1 
chain 

MSTRG.4040 4.68 5.85E-06 1.69E-03 

COL5A1 
Collagen type 5 alpha 1 
chain 

MSTRG.86592 4.67 1.62E-06 1.01E-03 

CDKAL1 
CDK5 regulatory subunit 
associated protein 1 like 1 

MSTRG.70382 4.59 9.81E-06 2.20E-03 

EDIL3 
EGF like repeats and 
discoidin domains 3 

MSTRG.66982 4.31 3.05E-06 1.19E-03 

P4HA3 
Prolyl 4-hydroxylase subunit 
alpha 3 

MSTRG.15318 4.30 1.96E-05 3.22E-03 

CADM1 cell adhesion molecule 1 MSTRG.16465 4.18 2.22E-05 3.35E-03 

SDC1 Syndecan 1 MSTRG.43638 4.17 1.54E-05 2.81E-03 

OGN Osteoglycin MSTRG.84856 4.09 1.54E-06 9.96E-04 

SULF1 Sulfatase 1 MSTRG.81062 4.03 1.03E-04 6.47E-03 

MMP13 Matrix metallopeptidase 13 MSTRG.16125 4.02 9.21E-04 2.14E-02 

SPARCL1 SPARC like 1 MSTRG.63053 3.99 1.90E-05 3.22E-03 

ELN Elastin MSTRG.76844 3.93 1.96E-05 3.22E-03 
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Table 5-3: Top 25 downregulated genes in FAP+ CD26+ population in keloid scars with p-value ≤ 0.05. 

Gene Gene name ID log2(FC) p-value q-value 

RNU2-1 
RNA, U2 small nuclear 1 (non-
coding RNA) 

MSTRG.35150 6.60 5.73E-06 1.68E-03 

CLEC3B 
C-type lectin domain family 3 
member B 

MSTRG.56798 5.52 4.91E-06 1.58E-03 

CFD Complement factor D MSTRG.39047 5.27 3.00E-04 1.22E-02 

CXCL1 
C-X-C motif chemokine ligand 
1 

MSTRG.62658 5.15 2.07E-04 9.75E-03 

SLCO5A1 
Solute carrier organic anion 
transporter family member 5A1 

MSTRG.81066 5.14 1.49E-05 2.81E-03 

CES1 carboxylesterase 1 MSTRG.31653 4.58 2.24E-05 3.35E-03 

GPX3 glutathione peroxidase 3 MSTRG.68691 4.55 7.32E-06 1.88E-03 

OASL 
2’-5’-oligoadenylate synthease 
like 

MSTRG.21159 4.03 1.19E-02 8.37E-02 

RNU4-2 RNA, U4 small nuclear 2 MSTRG.21070 3.87 1.58E-02 9.54E-02 

CP Ceruloplasmin MSTRG.59631 3.82 1.19E-03 2.47E-02 

SLPI 
Secretory leukocyte peptidase 
inhibitor 

MSTRG.51276 3.74 3.47E-05 4.07E-03 

F13A1 Coagulation factor 13 A chain MSTRG.69955 3.73 4.13E-04 1.41E-02 

WIF1 Wnt inhibitory factor 1 MSTRG.19448 3.71 4.12E-05 4.30E-03 

ASXL2 
Additional sex combs like 2, 
transcriptional regulator 

MSTRG.43826 3.68 1.53E-04 8.31E-03 

ENPP4 
Ectonucleotide 
pyrophosphatase/phosphodies
terase 4 (putative) 

MSTRG.71624 3.50 9.43E-04 2.15E-02 

PI16 Peptidase inhibitor 16 MSTRG.71165 3.45 3.42E-04 1.29E-02 

RNU4-1 RNA, U4 small nuclear 1 MSTRG.21072 3.45 3.49E-02 1.34E-01 

G0S2 G0/G1 switch 2 MSTRG.7198 3.34 8.91E-03 7.35E-02 

ADGRD1 
Adhesion G protein-coupled 
receptor D1 

MSTRG.21572 3.34 8.47E-05 5.89E-03 

MT1A Metallothionein 1A MSTRG.31686 3.27 2.14E-04 9.92E-03 

HAS1 Hyaluronan synthase 1 MSTRG.42482 3.27 9.35E-04 2.15E-02 

MAMDC2 MAM domain containing 2 MSTRG.84269 3.25 2.19E-04 9.96E-03 

PCOLCE2 
Procollagen C-endopeptidase 
enhancer 2 

MSTRG.59490 3.22 1.97E-05 3.22E-03 

APOD Apolipoprotein D MSTRG.60828 3.15 3.27E-04 1.26E-02 

IL13RA2 
Interleukin 13 receptor subunit 
alpa 

MSTRG.88494 3.10 9.39E-05 6.14E-03 
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It is noteworthy that most of the top 25 upregulated genes in keloid CD26+ FAP+ cells are 

genes associated with ECM, including asporin, periostin, cartilage oligomeric matrix protein 

and in particular genes encoding different collagens such as collagen type 3, collagen type 1, 

collagen type 5 and collagen type 11.  

Thus, we investigated the molecular functions that are upregulated in CD26+ FAP+ cells in 

keloid scarring using gene ontology (GO) functional enrichment analysis of the statistically 

significant (p<0.05), differentially expressed genes with log2(fold change (FC))>2. These 

differentially expressed genes were significantly (p<0.01) enriched in 26 GO terms for 

biological processes (Figure 5-3). Many of the associated GO biological processes were 

relevant to ECM biology including extracellular matrix organisation, collagen catabolic 

process, collagen fibril organisation, cell-matrix adhesion, extracellular matrix disassembly 

and extracellular fibril organisation. In addition, 16.78% of upregulated genes in CD26+ FAP+ 

keloid cells were associated with cell adhesion, while 5.37% of genes were associated with 

cell migration. Furthermore, biological processes such as Wnt signalling pathway (canonical 

Wnt pathway: WNT2, SULF2, SFRP2, SFRP4, COL1A1, LGR6; non-canonical Wnt pathway: 

WNT5A, SFRP2, SFRP4) and integrin-mediated signalling pathway (COL3A1, ITGA11, 

ITGA10, ADAM12, ITGBL1) were enriched in keloid scarring.  

Enrichment analysis of GO terms for cellular components revealed 14 statistically significant 

(p<0.01) enriched GO terms with extracellular matrix and proteinaceous extracellular matrix 

being the most enriched terms (Figure 5-4). In fact, 23.49% of the upregulated genes with 

log2(FC)>2 and p<0.05 in keloid scarring are associated with cellular component GO term for 

extracellular matrix.  

In addition, differentially expressed genes upregulated in keloid CD26+ FAP+ cells are 

significantly (p<0.01) enriched in 11 GO terms for molecular functions (Figure 5-5). These 

include ECM related molecular functions such as collagen binding (9.4% of genes,  

p=3.23e-16), extracellular matrix structural constituent (8.05% of genes, p=1.78e-12), integrin 

binding (7.38% of genes, p=4.69e-9) and extracellular matrix binding (4.7% of genes,  
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p=2.70e-8). Furthermore, genes upregulated in keloid CD26+ FAP+ fibroblasts are enriched in 

molecular functions relevant to keloid pathogenesis such as growth factor activity (OGN, 

INHBA, IGF1, PTN, MDK, CLEC11A, THBS4) and metalloendopeptidase activity 

(ADAMTS12, ADAM12, MMP3, MMP13, MMP11). 

 

 

Figure 5-3: GO term enrichment for biological processes in keloid FAP+ CD26+ cells. 

Differentially expressed genes with log2(FC) > 2 and p-value < 0.05 were analysed using DAVID 
(http://david.abcc.ncifcrf.gov/) (187). Statistically significant (p<0.01) enriched GO terms for biological processes 
are listed. 
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Figure 5-4: GO term enrichment for cellular components in keloid FAP+ CD26+ cells. 

Differentially expressed genes with log2(FC) > 2 and p-value < 0.05 were analysed using DAVID 
(http://david.abcc.ncifcrf.gov/) (1). Statistically significant (p<0.01) enriched GO terms for cellular components are 
listed. 

 

 

 

Figure 5-5: GO term enrichment for molecular functions in keloid FAP+ CD26+ cells. 

Differentially expressed genes with log2(FC) > 2 and p-value < 0.05 were analysed using DAVID 
(http://david.abcc.ncifcrf.gov/) (1). Statistically significant (p<0.01) enriched GO terms for molecular functions are 
listed. 
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As a next step, we investigated potential enriched pathways in CD26+ FAP+ cells in keloid 

scarring. Therefore, enrichment analysis of KEGG pathways was performed using 

differentially expressed genes in keloid CD26+ FAP+ with log2(FC)>2 and p<0.05. The top 5 

enriched KEGG pathways (p<0.01) in keloid CD26+ FAP+ cells are demonstrated in Figure 

5-6. Similar to the GO term enrichment, pathways associated with ECM are enriched in keloid 

cells such as ECM-receptor interaction with 10.74% of genes and focal adhesion with 11.41% 

of the differentially expressed genes. 

 

 

Figure 5-6: KEGG pathways annotation of FAP+ CD26+ keloid fibroblasts using DAVID. 

Differentially expressed genes with log2(FC) > 2 and p-value < 0.05 were analysed using DAVID 
(http://david.abcc.ncifcrf.gov/) (1). The top 5 statistically significant (p<0.01) enriched KEGG pathways are listed. 

 

 

In order to investigate further functional differences between CD26+ FAP+ cells in keloid scars 

and healthy human skin, differentially expressed genes were assessed using Ingenuity 

pathway analysis (IPA) (QIAGEN Inc.) (234). IPA analysis of differentially expressed genes 

with at least 2.83 fold change (log2(FC) > 1.5) and p<0.05 identified association of the 

‘inhibition of metalloproteinases’ pathway (p-value = 6.01e-8) and predicted its inhibition (z-

score -2.33) in keloid scarring. This suggests that CD26+ FAP+ cells in keloid scars have 
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increased MMP activity compared to the same cells in normal skin. Differentially expressed 

genes associated with the inhibition of MMP pathway are summarised in Table 5-4. 

 

Table 5-4: Differentially expressed genes with log2(FC) > 1.5 in CD26+ FAP+ cells from keloid scars and 

normal skin associated with the inhibition of matrix metalloproteinase pathway by IPA. 

Symbol Entrez Gene Name log2(FC) p-value q-value 
Expected 
regulation 

ADAM12 ADAM metallopeptidase domain 12 3.437 0.00005 0.00491 Down 

MMP3 matrix metallopeptidase 3 2.702 0.00315 0.04190 Down 

MMP11 matrix metallopeptidase 11 3.272 0.00002 0.00322 Down 

MMP13 matrix metallopeptidase 13 4.016 0.00010 0.00647 Down 

MMP16 matrix metallopeptidase 16 1.881 0.00008 0.00561 Down 

MMP17 matrix metallopeptidase 17 -1.71 0.00295 0.04040 Down 

MMP23B matrix metallopeptidase 23B 1.574 0.00014 0.00767 Down 

SDC1 syndecan 1 4.17 0.00002 0.00335  

TFPI2 tissue factor pathway inhibitor 2 -1.906 0.00123 0.02520 Up 

THBS2 thrombospondin 2 -1.95 0.00100 0.02230 Up 

 

 

Furthermore, predicted upstream regulators of the transcriptional changes from healthy 

CD26+ FAP+ cells to keloid CD26+ FAP+ were identified using IPA (Table 5-5). This analysis 

identified TGFB1 (z-score 3.889) as the most likely activated upstream regulator with 141 

target molecules in the analysed differential expression dataset. This is in accordance with 

current knowledge that TGF-β1 is a key player in keloid pathogenesis. Interestingly, the gene 

encoding TGF-β3 TGFB3, (z-score 2.544), which is thought to reduce scarring, is 

overexpressed 2.83 fold (log2(FC)=1.5, p-value = 0.01617, q-value = 0.09654) in keloid 

CD26+ FAP+ cells than in normal skin, while TGFB1 was found to be only 1.84 fold increased 

(log2(FC)=0.878, p-value = 0.01172, q-value = 0.083) in CD26+ FAP+ cells in keloid scars.  

On the other hand, the cytokines TNF (z-score -2.804), interferon γ (IFNG) (z-score -2.905) 

and interleukin 1β (IL1B) (z-score -3.424) are predicted to be inhibited upstream regulators of 
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CD26+ FAP+ cells in keloid scarring. Taken together, prediction of these cytokines as the 

most probable upstream regulators of the differential gene expression of CD26+ FAP+ 

fibroblasts suggests that an impaired inflammatory microenvironment is contributing to the 

transcriptional changes in CD26+ FAP+ keloid fibroblasts. 

 

Table 5-5: Top 10 predicted upstream regulators of gene transcription in FAP+ CD26+ keloid fibroblasts. 

Potential upstream regulators were predicted by analysing the differentially expressed genes between keloid and 
normal skin CD26+ FAP+ cells with log2(FC)>1.5 and p-values<0.05 using IPA. 

Upstream 
Regulator 

log2(FC) Molecule Type 
Predicted 
Activation 

State 

Activation 
z-score 

p-value 
of 

overlap 

# target 
molecules 
in dataset 

TGFB1 0.878 growth factor Activated 3.889 1.21E-32 141 

TNF - cytokine Inhibited -2.804 2.78E-28 133 

IFNG - cytokine Inhibited -2.905 2.33E-23 105 

IL1B - cytokine Inhibited -3.424 2.29E-22 81 

PDGF BB - complex Inhibited -2.276 2.45E-20 46 

ERBB2 - kinase - 1.767 1.58E-19 70 

TGFB3 1.547 growth factor Activated 2.544 6.27E-19 27 

Alpha 
catenin 

- group Inhibited -2.831 1.52E-17 27 

IL1 - group - -1.767 3.25E-17 43 

NFKBIA - 
transcription 

regulator 
- 0.145 3.71E-17 49 

 

 

To investigate potential functions and diseases activated in keloid CD26+FAP+ cells 

compared to normal skin, statistically significant (p<0.05) differentially expressed genes with 

log2(FC)>1.5 were analysed using IPA. Statistically significant enriched (p<0.0001) functions 

and diseases with predicted activation and z-scores>2 included differentiation of osteoblastic-

lineage cells, differentiation of osteoblasts and skin lesion (Table 5-6). In addition, 

differentiation of bone cells with a z-score of 1.917 just missed the cut-off of 2 to be predicted 

as an activated function by IPA. This suggests that CD26+ FAP+ fibroblasts switch towards a 

chondrogenic and osteogenic phenotype in keloid scarring. 
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Table 5-6: Relevant functions and diseases with predicted activation in CD26+ FAP+ keloid fibroblasts. 

Activated functions and diseases in CD26+ FAP+ keloid cells were predicted by analysing the differentially 
expressed genes between keloid and normal skin CD26+ FAP+ cells with log2(FC) >1.5 and p-values<0.05 using 
IPA. 

Diseases or Functions Annotation p-value 
Predicted 

activation state 
z-

score 
# genes 

Apoptosis of granulocytes 4.99E-08 Increased 2.263 15 

Differentiation of osteoblastic-lineage 
cells 

8.71E-09 Increased 2.169 32 

Differentiation of osteoblasts 2.58E-08 Increased 2.029 31 

Skin lesion 1.28E-22 Increased 2.007 376 

Differentiation of bone cells 6.58E-13  1.917 49 

 

 

Finally, we assessed the gene expression of multiple markers, which were identified in the 

previous chapter as being expressed differentially on protein level. The mRNA levels of CD34, 

which was strikingly downregulated on protein level in CD26+ FAP+ cells in keloid scars, was 

only found to be 1.74 fold downregulated (log2(FC)=0.8, p-value = 0.05176, q-

value = 0.16137). Similarly, NT5E, the gene for CD73, was expressed 1.77 fold lower 

(log2(FC)=0.82, p-value = 0.10967, q-value = 0.24160) in keloid CD26+ FAP+ compared to 

normal skin. Interestingly, expression of PDPN was significantly downregulated in keloid 

CD26+ FAP+ cells by 2.46 fold (log2(FC)=1.3, p-value = 0.000133, q-value = 0.00751), while 

no significant differences in protein expression were observed. However, CD90 expression is 

increased on protein and gene expression level with THY1 being 2.95 fold (log2(FC)=1.56, p-

value = 0.02262, q-value = 0.11135) increased in keloid CD26+ FAP+. Consistent with our 

protein findings, CD26 or DPP4 was not differentially expressed (log2(FC)=0.41, p-

value = 0.23492, q-value = 0.38957). 

Taken together, CD26+ FAP+ cells appear to change their function to a striking upregulation 

of ECM production, altered expression of genes related to bone and cartilage formation, 

increased activation of MMPs and potential upregulation of Wnt pathway in keloid scarring 

compared to healthy skin.  
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5.3.3 Transcriptomics of CD271+ mesenchymal cells in keloid scars 

As a next step, we aimed to understand the function of the CD271+ mesenchymal cells in 

keloid scars identified in the previous chapter. Therefore, transcriptomes were compared 

between CD271+ mesenchymal cells and CD26+ FAP+ (CD271-) cells from keloid scars. 

Overall, this revealed 3,233 differentially expressed genes (2,697 distinct after additional 

annotation) that were significant at p<0.05 and 804 genes (697 unique after additional 

annotation) that remained significant with q<0.05 after multiple testing correction. The volcano 

plot in Figure 5-7 demonstrates the differential gene expression profile between CD271+ 

keloid cells and CD26+ FAP+ keloid cells. The most significantly (p>0.05) upregulated genes 

in keloid CD271+ mesenchymal cells compared to CD26+ FAP+ (CD271-) keloid cells are 

summarised in Table 5-7 and the most upregulated genes in CD26+ FAP+ fibroblasts are 

listed in Table 5-8. 

Confirming successful isolation of CD271+ cells from cell suspensions, NGFR is the 53rd most 

upregulated gene of all significantly differentially expressed genes (p<0.05) in CD271+ keloid 

cells compared to CD26+ FAP+ keloid cells. More precisely, NGFR expression is 5.62 fold 

increased (log2(FC)=2.49, p-value = 0.00053, q-value = 0.02598) in CD271+ keloid cells than 

in CD26+ FAP+ keloid cells with a fragments mapped per kilobase of feature per million 

fragments (FPKM) value of 28.06 ± 8.80.  On the other hand DPP4, the gene for CD26 is 7.16 

fold upregulated (log2(FC)=2.84, p-value = 0.00007, q-value = 0.01283) in CD26+ FAP+ 

keloid cells compared to CD271+ keloid cells.  However, MCAM, which transcribes CD146, 

was also differentially expressed with a 9 fold increase (p-value = 0.00503, q-value = 0.05673) 

in expression in CD271+ keloid cells and modest expression levels with a mean FPKM of 

15.30 ± 11.83, despite CD271+ keloid cells being sorted post exclusion of CD146+ cells by 

FACS.  In addition, ACTA2, the gene encoding αSMA, was also differentially expressed with 

a 3.78 fold upregulation in CD271+ cells than in CD26+ FAP+ keloid cells. However, the 

expression levels of ACTA2 in CD271+ cells were also modest with FPKM of 14.35 ± 6.28. 

This is in contrast to the fluorescence microscopy presented in the previous chapter where we 
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found that the CD271+ cell population of interest around the pericytes stained negative for 

αSMA.  Furthermore, it is evident that CD26+ FAP+ keloid cells express more ECM related 

genes, although CD271+ express higher levels of the genes encoding collagen type 4, a 

crucial component of the vascular basement membrane, with COL4A1 being 11.71 fold 

increased (p-value = 0.00001, q-value = 0.00825) and COL4A2 being 10.93 fold upregulated 

(p-value = 0.00008, q-value = 0.01283). Ultimately, these findings showed that the isolated 

CD271+ cell population from keloid scars expresses genes associated with perivascular cells. 

 

 

Figure 5-7: Volcano plot of differential gene expression between CD271+ cells and CD26+ FAP+ cells in 
keloid scarring 

Distinct differentially expressed genes are represented as dots or circles with their size represented proportional to 
their expression levels (mean FPKM). Genes with statistically significant (p<0.05) fold-changes >2 (relative 
expression >1) are coloured in blue if increased in CD271+ keloid cells and green if increased in CD26+ FAP+ 
keloid cells. Genes remaining significant after multiple testing correction (q<0.05) are labelled and their size is 
represented proportional to their expression levels. 
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Table 5-7: Top 25 upregulated genes in CD271+ cells compared to FAP+ CD26+ cells in keloid scars with 
p-value < 0.05. 

Gene Gene name ID log2(FC) p-value q-value 

RNF150 Ring finger protein 150 MSTRG.64025 5.26 1.90E-04 1.77E-02 

A2M Alpha-2-macroglobulin MSTRG.17686 4.74 2.25E-05 8.94E-03 

HSD17B13 
Hydroxysteroid 17-beta 
dehydrogenase 13 

MSTRG.63047 4.65 2.05E-05 8.47E-03 

TJP1 Tight junction protein 1 MSTRG.29649 4.11 1.15E-04 1.45E-02 

CCL19 C-C motif chemokine ligand 19 MSTRG.83814 4.00 1.69E-03 3.70E-02 

SNORD3A 
Small nucleolar RNA, C/D Box 
3A 

MSTRG.34110 3.81 2.19E-02 1.06E-01 

NDUFA4L2 
NDUFA4, mitochondrial 
complex associated like 2 

MSTRG.19242 3.74 1.65E-05 8.25E-03 

CC2D2A 
Coiled-coil and C2 domain 
containing 2A 

MSTRG.61634 3.71 9.47E-03 7.15E-02 

ARHGEF3 
Rho guanine nucleotide 
exchange factor 3 

MSTRG.57435 3.69 8.97E-05 1.37E-02 

RNU2-1 RNA, U2 small nuclear 1 MSTRG.35138 3.65 4.46E-02 1.56E-01 

ASB18 
Ankyrin repeat and SOCS box 
containing 18 

MSTRG.49336 3.63 4.75E-05 1.06E-02 

COL4A1 Collagen type IV alpha 1 chain MSTRG.23618 3.55 1.22E-05 8.25E-03 

RNU4-2 RNA, U4 small nuclear 2 MSTRG.21070 3.54 5.01E-03 5.67E-02 

APOD Apolipoprotein D MSTRG.60828 3.49 2.12E-03 4.06E-02 

RNU4-1 RNA, U4 small nuclear 1 MSTRG.21072 3.46 1.10E-02 7.73E-02 

COL4A2 Collagen type IV alpha 2 chain MSTRG.23624 3.45 8.00E-05 1.28E-02 

TMEM132C Transmembrane protein 132C MSTRG.21477 3.30 7.08E-04 2.72E-02 

TOMM40 
Translocase of outer 
mitochondrial membrane 40 

MSTRG.41797 3.22 7.03E-05 1.28E-02 

CROCC 
Ciliary rootlet coiled-coil, 
rootletin 

MSTRG.860 3.20 7.37E-05 1.28E-02 

MCAM 
Melanoma cell adhesion 
molecule 

MSTRG.16680 3.17 5.03E-03 5.67E-02 

BCL3 B-cell CLL/lymphoma 3 MSTRG.41780 3.15 1.99E-03 3.99E-02 

GJA4 Gap junction protein alpha 4 MSTRG.1879 3.14 1.42E-02 8.59E-02 

C7 Complement C7 MSTRG.65949 3.12 2.72E-05 9.04E-03 

UBA2 
Ubiquitin like modifier activating 
enzyme 2 

MSTRG.41034 3.04 5.25E-03 5.79E-02 

RGS5 
Regulator of G-protein signalling 
5 

MSTRG.5776 3.03 6.21E-04 2.71E-02 
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Table 5-8: Top 25 upregulated genes in CD26+ FAP+ cells compared to CD271+ cells in keloid scars with 
p-value < 0.05. 

Gene Gene name ID log2(FC) p-value q-value 

ASPN Asporin MSTRG.84860 -3.99 1.36E-03 3.48E-02 

COL1A1 Collagen type I alpha 1 chain MSTRG.35626 -3.61 6.68E-05 1.28E-02 

POSTN Periostin MSTRG.22268 -3.25 1.25E-03 3.42E-02 

COL11A1 Collagen type XI alpha 1 chain MSTRG.4040 -3.09 2.43E-03 4.25E-02 

OGN Osteoglycin MSTRG.84856 -3.05 3.10E-03 4.64E-02 

GALNTL6 
Polypeptide N-
acetylgalactosaminyltransferase-
like 6 

MSTRG.64608 -3.01 5.51E-04 2.65E-02 

GALNT5 
Polypeptide N-
acetylgalactosaminyltransferase 
5 

MSTRG.47311 -2.92 1.33E-03 3.47E-02 

DPP4 Dipeptidyl peptidase 4 MSTRG.47403 -2.84 7.48E-05 1.28E-02 

ACAN Aggrecan MSTRG.29162 -2.79 1.56E-04 1.68E-02 

HTRA1 HtrA serine peptidase 1 MSTRG.12128 -2.77 1.09E-04 1.40E-02 

COL12A1 Collagen type XII alpha 1 chain MSTRG.72113 -2.76 1.11E-03 3.25E-02 

ELN Elastin MSTRG.76844 -2.74 1.80E-03 3.82E-02 

FNDC1 
Fibronectin type III domain 
containing 1 

MSTRG.74023 -2.72 1.33E-03 3.47E-02 

SPARC 
Secreted protein acidic and 
cysteine rich 

MSTRG.68721 -2.68 1.13E-03 3.27E-02 

SDC1 Syndecan 1 MSTRG.43638 -2.62 1.42E-03 3.56E-02 

COL1A1 Collagen type I alpha 1 chain MSTRG.35625 -2.51 1.16E-04 1.45E-02 

GPR1 G protein-coupled receptor 1 MSTRG.48444 -2.50 6.21E-04 2.71E-02 

FN1 Fibronectin 1 MSTRG.48666 -2.39 2.37E-03 4.20E-02 

C1QTNF3 C1q And TNF Related 3 MSTRG.65765 -2.35 8.59E-03 6.86E-02 

CTHRC1 
Collagen triple helix repeat 
containing 1 

MSTRG.81902 -2.35 5.57E-04 2.67E-02 

FHOD3 
Formin homology 2 domain 
containing 3 

MSTRG.38053 -2.30 9.46E-06 8.25E-03 

MFAP4 Microfibrillar associated protein 4 MSTRG.34127 -2.29 2.65E-04 1.96E-02 

COL1A2 Collagen type I alpha 2 chain MSTRG.77343 -2.27 8.36E-04 2.92E-02 

GOLM1 Golgi membrane protein 1 MSTRG.84639 -2.22 5.89E-04 2.68E-02 

LRRN1 Leucine rich repeat neuronal 1 MSTRG.55555 -2.22 1.77E-05 8.25E-03 
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Furthermore, CD271+ keloid cells were assessed for their molecular and cellular functions by 

analysing the differentially expressed genes with log2(FC) >1.5 and p-values<0.05.  IPA 

predicted multiple functions to be increased with z-scores >2, which are listed in Table 5-9. 

Interestingly, several associated functions are related to blood vessel formation such as 

‘tubulation of cells’ (p-value = 0.0001, z-score = 2.2), ‘adhesion of vascular endothelial cells’ 

(p-value = 0.00006, z-score = 2.061) and ‘microtubule dynamics’ (p-value = 0.00002, z-

score = 1.969), for which the z-score is just below the cut-off.  Furthermore, functions 

indicating a role of CD271+ cells in potential immune cell trafficking have also been predicted 

to be activated. These functions include ‘recruitment of cells’ (p-value = 0.00016, z-

score = 2.305) and ‘leukocyte migration’ (p-value = 0.00002, z-score = 1.827), although its z-

score is just below the cut off of 2.  In addition, activation of ‘sensory system development’ in 

CD271+ cells has also been predicted, which is interesting considering this population of cells 

was purified based on the expression of the nerve growth factor receptor CD271.  

 

Table 5-9: Functions and diseases with predicted activation in CD271+ keloid cells. 

Activated functions and diseases in CD271+ keloid cells were predicted by analysing the differentially expressed 
genes between CD271+ and CD26+ FAP+ keloid cells with log2(FC) > 1.5 and p-values < 0.05 using IPA. The top 
10 functions and diseases with the highest z-score are listed. 

Diseases or Functions Annotation p-value 
Predicted 

activation state 
z-score # genes 

Cell-cell contact 5.60E-07 Increased 2.755 35 

Recruitment of cells 1.61E-04 Increased 2.305 19 

Tubulation of cells 1.01E-04 Increased 2.2 11 

Sensory system development 4.51E-06 Increased 2.137 28 

Blood pressure 1.12E-04 Increased 2.086 17 

Adhesion of vascular endothelial 
cells 

6.27E-05 Increased 2.061 9 

Migration of embryonic cells 6.26E-07 Increased 2.045 12 

Growth of malignant tumor 1.49E-04 Increased 2.034 22 

Microtubule dynamics 1.83E-05 - 1.969 51 

Leukocyte migration 2.20E-05 - 1.827 40 
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Genes that are upregulated in CD271+ cells compared to CD26+ FAP+ fibroblasts in keloid 

scarring and associated with the predicted functions recruitment of cells, tubulation of cells, 

sensory system development and adhesion of vascular endothelial cells are shown in Figure 

5-8. It is noteworthy that expression of CXCR4 is associated with all four presented functions 

(Figure 5-8 A-C). CXCR4 is 4.11 fold increased in CD271+ keloid cells compared to CD26+ 

FAP+ keloid cells with a p-value of 0.00504 and a q-value of 0.05675 close to the significance 

threshold. It binds stromal cell-derived factor 1 (SDF1) expressed by the gene CXCL12, which 

is also differentially expressed in keloid CD271+ cells with a fold change of 2.38 

(log2(FC)=1.25, p-value = 0.00649, q-value = 0.06222). The CXCL12/CXCR4 axis is known to 

be crucial for homing and recruitment of leukocytes, MSC and progenitor cells as well as in 

angiogenesis (235). CCL19, which is the 5th significant most differentially expressed gene in 

CD271+ cells is also important for recruitment of cells, in particular, it is known for the homing 

of lymphocytes (Figure 5-8 C). 

Collectively, CD271+ keloid cells appear to play a role in angiogenesis and immune cell 

trafficking. Many of the genes that are differentially expressed in CD271+ keloid cells 

compared to the purified CD26+ FAP+ keloid fibroblasts indicate that CD271+ cells play a role 

in vascular homeostasis. However, it remains to be determined whether the sorted cells are 

indeed the CD271+ cells surrounding pericytes or pericytes themselves. In addition, future 

comparison with the same population purified from normal skin may reveal some interesting 

changes in this population that occur in keloid scarring. 
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Figure 5-8: Upregulated genes in CD271+ keloid cells associated with predicted activated functions. 

Upregulated genes in CD271+ keloid cells compared to CD26+ FAP+ keloid cells with log2(FC)>1.5 and p-
values  < 0.05 associated with the molecular and cellular functions predicted by IPA (QIAGEN Inc., 
https://www.qiagenbioinformatics.com/products/ingenuitypathway-analysis). (A) Tubulation of cells, (B) adhesion 
of vascular endothelial cells, (C) recruitment of cells and (D) sensory system development are demonstrated as 
networks. Orange arrows demonstrate activation of the function by the gene, while for genes with grey arrows the 
effect is not predicted. Inconsistent findings are presented with yellow arrows. 
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5.3.4 Transcriptomics of cultured fibroblasts from skin and keloid scars 

Finally, we assessed and compared the differential gene expression of keloid and normal skin 

fibroblasts in culture. Therefore, RNA of cultured fibroblasts at passage 3 was extracted and 

RNA quantity and quality were assessed using Qubit fluorometer and Agilent 2100 

Bioanalyzer, respectively (Table 5-10). 

 

Table 5-10: Summary of quality and quantity of extracted RNA from cultured fibroblasts. 

Donor RNA quantity (ng/µL) RIN 

Cultured skin fibroblasts 1 150 10 

Cultured skin fibroblasts 2 118 10 

Cultured skin fibroblasts 3 146 10 

Cultured keloid fibroblasts 1 100 10 

Cultured keloid fibroblasts 2 106 10 

Cultured keloid fibroblasts 3 190 10 

 

 

Differential expression analysis of cultured keloid and normal skin fibroblasts found 826 

differentially expressed genes (785 distinct after additional annotation) that were significant at 

p<0.05. However, multiple testing correction revealed that the majority of genes are not 

differentially expressed as of the original 826 differentially expressed genes, only three 

remained significant with q-values <0.05. The differential gene expression profile between 

keloid and normal skin fibroblasts is shown as volcano plot in Figure 5-9 and clearly 

demonstrates the similarity of the samples. 

Furthermore, it is noteworthy that all three keloid samples were derived from male donors, 

while all skin samples were derived from female donors. Therefore, it is impossible to separate 

effects of gender from those directly or indirectly caused by the variable of interest (keloid 

versus skin) by informatics or statistical techniques alone. In order to address this confounding 

factor, the sex-chromosomal location of genes is considered in the biological interpretation of 
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the results.  For instance, the three annotated genes in the volcano plot in Figure 5-9, RPS4Y1, 

DDX3Y and EIF1AY are the only three genes that are statistically significant differentially 

expressed and pass multiple testing correction with q<0.05. However, all three genes are 

located on chromosome Y and thus indicate that this differential expression is due to the 

confounding factor of the gender of the samples rather than the variable of interest (keloid 

versus skin). Therefore, the top differentially expressed genes, which are either upregulated 

genes in cultured keloid fibroblasts (Table 5-11) or in cultured normal skin fibroblasts (Table 

5-12), have been highlighted if they are located on one of the sex chromosomes in order to 

aid with the biological interpretation of the data. 

 

 

Figure 5-9: Volcano plot of differential gene expression between cultured keloid and normal skin 
fibroblasts. 

Distinct differentially expressed genes are represented as dots or circles with their size represented proportional to 
their expression levels (mean FPKM). Genes with statistically significant (p<0.05) fold-changes >2 (relative 
expression >1) are coloured in blue if increased in CD271+ keloid cells and green if increased in CD26+ FAP+ 
keloid cells. Genes remaining significant after multiple testing correction (q<0.05) are labelled and their size is 
represented proportional to their expression levels. 
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Table 5-11: Top 25 upregulated genes in cultured keloid fibroblasts with p-value < 0.05. 

Genes located on the sex chromosomes X and Y are highlighted in red. 

Gene Gene name ID log2(FC) p-value q-value 

LGALS1 Galectin 1 MSTRG.54629 7.24 4.15E-02 4.63E-01 

RPS4Y1 
Ribosomal protein S4, Y-
linked 1 

MSTRG.89071 6.78 1.01E-05 2.59E-02 

MYL9 Myosin light chain 9 MSTRG.50908 6.36 4.46E-02 4.63E-01 

HAS2 Hyaluronan synthase 2 MSTRG.82210 5.29 9.35E-03 3.77E-01 

FN1 Fibronectin 1 MSTRG.48669 5.07 2.47E-02 4.15E-01 

LYPD6B 
LY6/PLAUR domain 
containing 6B 

MSTRG.47167 4.94 2.99E-02 4.19E-01 

WFDC1 
WAP four-disulfide core 
domain 1 

MSTRG.32592 4.92 4.62E-02 4.64E-01 

SULF1 Sulfatase 1 MSTRG.81062 4.68 2.07E-02 4.09E-01 

ARRDC3-
AS1 

ARRDC3 antisense RNA 1 MSTRG.67096 4.31 4.46E-02 4.63E-01 

PLCB4 Phospholipase C beta 4 MSTRG.50044 4.29 2.34E-02 4.13E-01 

C1GALT1C1 
C1GALT1 specific chaperone 
1 

MSTRG.88610 4.20 3.05E-02 4.21E-01 

HDLBP 
High density lipoprotein 
binding protein 

MSTRG.49621 4.03 4.70E-02 4.64E-01 

ASXL2 
Additional sex combs like 2, 
transcriptional regulator 

MSTRG.43826 3.94 2.99E-02 4.19E-01 

SNORA25 
Small nucleolar RNA, H/ACA 
box 25 

MSTRG.15893 3.91 1.68E-02 4.05E-01 

ACAN Aggrecan MSTRG.29162 3.73 4.77E-02 4.64E-01 

F3 
Coagulation factor III, tissue 
factor 

MSTRG.3869 3.70 2.24E-02 4.13E-01 

SPHAR 
S-phase response (cyclin 
related) 

MSTRG.7854 3.65 4.46E-02 4.63E-01 

LYPD6 
LY6/PLAUR domain 
containing 6 

MSTRG.47171 3.56 2.90E-02 4.19E-01 

DDX3Y 
DEAD-box helicase 3, Y-
linked 

MSTRG.89135 3.51 7.02E-07 2.70E-03 

ASB16-AS1 ASB16 antisense RNA 1 MSTRG.35249 3.44 1.78E-02 4.07E-01 

COL23A1 
Collagen type XXIII alpha 1 
chain 

MSTRG.69553 3.28 8.79E-03 3.75E-01 

RPS9 Ribosomal protein S9 MSTRG.42947 3.26 1.73E-02 4.05E-01 

EMB Embigin MSTRG.66081 3.23 4.59E-02 4.64E-01 

DOK1 Docking protein 1 MSTRG.45375 3.22 2.46E-02 4.15E-01 

PPP4R3A 
Protein phosphatase 4 
regulatory subunit 3A 

MSTRG.25921 3.20 3.10E-02 4.22E-01 
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Table 5-12: Top 25 downregulated genes in cultured keloid fibroblasts with p-value ≤ 0.05. 

Genes located on the sex chromosomes X and Y are highlighted in red. 

Gene Gene name ID log2(FC) p-value q-value 

RHOB Ras homolog family member B MSTRG.43654 -7.34 4.68E-02 4.64E-01 

CLU Clusterin MSTRG.80077 -6.35 9.95E-03 3.80E-01 

HLA-B 
Major histocompatibility 
complex, class I, B 

MSTRG.70830 -6.23 2.52E-02 4.15E-01 

TMEM176B Transmembrane protein 176B MSTRG.78981 -5.05 6.53E-03 3.47E-01 

CHI3L1 Chitinase 3 like 1 MSTRG.6882 -4.77 3.79E-02 4.48E-01 

LINC00486 
Long intergenic non-protein 
coding RNA 486 

MSTRG.44093 -4.68 4.94E-02 4.64E-01 

SCARA3 
Scavenger receptor class A 
member 3 

MSTRG.80080 -4.42 2.67E-02 4.17E-01 

TMEM176A Transmembrane protein 176A MSTRG.78982 -4.38 2.04E-02 4.09E-01 

PRRX1 Paired related homeobox 1 MSTRG.6021 -4.38 3.06E-02 4.21E-01 

PDIA3P1 
Protein disulfide isomerase 
family A member 3 pseudogene 
1 

MSTRG.4832 -4.20 4.21E-02 4.63E-01 

CPXM1 
Carboxypeptidase X, M14 family 
member 1 

MSTRG.49823 -4.19 2.60E-02 4.15E-01 

CD74 CD74 molecule MSTRG.68646 -4.03 3.43E-02 4.37E-01 

CILP 
Cartilage intermediate layer 
protein 

MSTRG.28089 -3.96 4.59E-03 3.38E-01 

VGLL4 Vestigial like family member 4 MSTRG.55838 -3.62 1.98E-02 4.09E-01 

C3 Complement C3 MSTRG.39607 -3.52 1.82E-03 2.78E-01 

XPNPEP2 X-prolyl aminopeptidase 2 MSTRG.88664 -3.48 3.72E-03 3.26E-01 

CHRDL1 Chordin like 1 MSTRG.88447 -3.34 3.71E-02 4.43E-01 

PHKG1 
Phosphorylase kinase catalytic 
subunit gamma 1 

MSTRG.76405 -3.33 4.10E-02 4.62E-01 

TUB 
Tubby bipartite transcription 
factor 

MSTRG.12983 -3.28 2.08E-02 4.09E-01 

ROR2 
receptor tyrosine kinase like 
orphan receptor 2 

MSTRG.84835 -3.28 8.09E-03 3.75E-01 

MLEC Malectin MSTRG.21131 -3.27 2.61E-02 4.15E-01 

SERPINF1 Serpin family F member 1 MSTRG.33157 -3.16 3.29E-03 3.26E-01 

MEDAG 
Mesenteric estrogen dependent 
adipogenesis 

MSTRG.22111 -3.00 1.52E-02 4.03E-01 

OLFML1 Olfactomedin like 1 MSTRG.12956 -2.94 4.30E-04 1.50E-01 

OLFM2 Olfactomedin 2 MSTRG.39826 -2.93 2.97E-02 4.19E-01 
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Despite the obvious similarity between cultured keloid and normal skin fibroblasts, we 

assessed functional differences between keloid and normal skin cells that are maintained 

during culture.  IPA revealed that the highest probability of association of differentially 

expressed genes with log2(FC)>1.5 and p<0.05 with canonical pathways is for actin 

cytoskeleton signalling (p-value = 6.48e-6) (Figure 5-10). This pathway is predicted to be 

activated in keloid fibroblasts in comparison to normal skin fibroblasts with a z-score of 1.732. 

The actin cytoskeleton plays a crucial role in cell motility as cellular movement occurs due to 

adhesion, loss of attachment and re-adhesion of filopodia and lamellipodia, which requires 

correct arrangement of actin filaments. 

 

 

Figure 5-10: Association of differential gene expression in cultured keloid and normal skin fibroblasts 
with actin cytoskeleton signalling. 

The canonical ‘actin cytoskeleton signalling’ pathway was predicted to be activated in keloid fibroblasts in vitro by 
IPA (QIAGEN Inc., https://www.qiagenbioinformatics.com/products/ingenuitypathway-analysis). Genes in the 
dataset with log2(FC)>1.5 and p<0.05 are highlighted with purple borders and filled with different shades of red and 
green indicating up- and downregulation, respectively. Double-bordered molecules are groups or complexes and 
have several members associated with them. Nodes in grey are genes that are in the data set but did not pass the 
analysis cut offs. 
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Furthermore, downstream effects of gene expression were predicted using IPA. Numerous 

functions and diseases have been identified to be activated or inhibited in keloid fibroblasts in 

comparison to normal skin fibroblasts in vitro (Table 5-13). Interestingly, most functions 

predicted to be activated are related to cell migration, invasion and proliferation such as 

invasion of malignant tumour or cancer cells (z-score = 2.579 and 2.562, respectively), cell 

movement of fibroblast cell lines (z-score = 2.431), cytokinesis (z-score = 2.405), M phase (z-

score = 2.162) and proliferation of tumour cells (z-score = 2.355). On the other hand, functions 

predicted to be inhibited in keloid fibroblasts appear to be associated with apoptosis and cell 

death, for instance, apoptosis of connective tissue cells (z-score = -2.242) and cell death of 

connective tissue cells (z-score = -2.167).  Differentially expressed genes with fold changes 

>1.5 and p<0.05 that are associated with the relevant downstream effects are presented as 

networks in Figure 5-11.  Overall, these findings suggest that keloid fibroblasts have increased 

cell motility and invasion potential and decreased apoptosis compared to fibroblasts from 

normal skin in vitro. This is in accordance with our previous in vitro findings described in 

Chapter 4 where we found that cultured keloid fibroblasts invade much faster into a 3D 

collagen matrix than normal skin fibroblasts. 
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Table 5-13: Functions and diseases with predicted activation and inhibition in cultured keloid cells. 

Activated and inhibited functions and diseases in cultured keloid cells were predicted by analysing the differentially 
expressed genes between cultured keloid and normal skin fibroblasts with fold changes >1.5 and p-values<0.05 
using IPA. Functions and diseases with the highest z-score >2 and <-2 are listed. 

Diseases or Functions Annotation p-value 
Predicted 

activation state 
z-score # genes 

Growth of malignant tumour 7.21E-06 Increased 2.6 22 

Invasion of malignant tumour 3.95E-09 Increased 2.579 15 

Invasion of cancer cells 2.55E-09 Increased 2.562 13 

Cell movement of fibroblast cell lines 8.56E-05 Increased 2.431 12 

Cell movement of melanoma cell lines 5.66E-06 Increased 2.419 11 

Migration of bone cancer cell lines 1.54E-05 Increased 2.411 6 

Cytokinesis 5.34E-06 Increased 2.405 13 

Cell movement of embryonic cell lines 8.16E-05 Increased 2.378 11 

Digestive organ tumour 1.85E-15 Increased 2.363 252 

Proliferation of tumour cells 1.30E-06 Increased 2.355 24 

Epithelial-mesenchymal transition 9.94E-07 Increased 2.346 16 

Abdominal neoplasm 2.13E-15 Increased 2.333 258 

Chemotaxis of macrophages 4.16E-06 Increased 2.216 10 

M phase 1.24E-06 Increased 2.162 16 

Proliferation of cancer cells 1.01E-05 Increased 2.157 19 

Formation of vessel 2.09E-06 Increased 2.138 14 

Invasion of tumour 9.59E-11 Increased 2.028 21 

Invasion of tumour cells 1.38E-10 Increased 2.003 18 

Apoptosis of connective tissue cells 2.89E-04 Decreased -2.242 14 

Cell death of connective tissue cells 1.78E-05 Decreased -2.167 26 

Accumulation of lipid 2.03E-04 Decreased -2.166 15 

Cell death of colorectal cancer cell lines 2.77E-05 Decreased -2.157 16 

Cell death of melanoma cell lines 1.68E-04 Decreased -2.145 13 
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Figure 5-11: Gene networks of predicted downstream effects in cultured keloid fibroblasts. 

Differentially expressed genes between cultured keloid and normal skin fibroblasts with log2(FC) >1.5 and p-
values <0.05 are presented as networks with associated molecular and cellular functions predicted to be up- and 
downregulated by IPA (QIAGEN Inc., https://www.qiagenbioinformatics.com/products/ingenuitypathway-analysis). 
Genes upregulated in the data set are depicted as red nodes, and downregulated genes are shown in green. The 
higher the intensity of the colour of the nodes the bigger the fold change. Orange arrows demonstrate activation of 
the function by the gene, while for genes with grey arrows the effect is not predicted. Inconsistent findings are 
presented with yellow arrows. Functions shown in orange, (A) invasion of malignant tumour, (B) cell movement of 
fibroblast cell lines and (C) cytokinesis are predicted to be activated in keloid fibroblasts, while (D) apoptosis of 
connective tissue cells in blue is predicted to be inactivated. 
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As the last step, we compared the differentially expressed genes between keloid and normal 

skin fibroblasts with those differentially expressed between uncultured CD26+ FAP+ cells from 

keloid scars and healthy human dermis, in order to identify the genes, which remain 

differentially expressed despite the change of microenvironment in cell culture (Table 5-14). 

These include the ECM components fibronectin 1 and aggrecan that are upregulated in both 

types of cells derived from keloid scars, while most other ECM components, which are 

differentially expressed in CD26+ FAP+ derived from ex vivo keloid scars and healthy human 

dermis, are expressed to similar levels in cultured keloid and normal skin fibroblasts. 

Furthermore, WNT5a and the gene encoding αSMA, ACTA2, are also both upregulated in 

cultured keloid fibroblasts and CD26+ FAP keloid fibroblasts. However, ACTA2 is expressed 

at much higher levels in cultured keloid fibroblasts with a mean FPKM of 327.769 ± 58.967 

than in ex vivo CD26+ FAP+ keloid fibroblasts (mean FPKM 6.610 ± 1.693). In contrast, 

WNT5A is expressed at low to moderate levels in both cultured keloid fibroblasts (mean FPKM 

15.981 ± 5.642) and CD26+ FAP+ keloid fibroblasts (mean FPKM 5.907 ± 2.656). 

In summary, differential gene expression analysis of the transcriptomes from cultured keloid 

and normal skin fibroblasts revealed the similarity of the two different cell types once in culture. 

Only a minority of the differentially expressed genes in uncultured cells remain differentially 

expressed once the cells grow in culture, for example, upregulation of fibronectin 1, Wnt5a 

and αSMA in keloid-derived cells can be seen both in vitro and ex vivo.  Furthermore, the 

differential gene expression has been associated with upregulation of downstream effects 

including cell motility and invasion while apoptosis and cell death appear to be inhibited in 

cultured keloid fibroblasts compared to normal skin fibroblasts. 

 



 

 

 

 

Table 5-14: Differentially expressed genes between cultured keloid and normal skin fibroblasts as well as CD26+ FAP+ cells in keloids and in healthy human skin. 

Gene symbol Gene name 
Cultured fibroblasts CD26+ FAP+ cells 

log2(FC) p-value q-value log2(FC) p-value q-value 

LGALS1 galectin 1 7.24 0.04150 0.46300 1.67 0.00001 0.00214 

FN1 fibronectin 1 5.07 0.02470 0.41500 3.69 0.00003 0.00407 

SULF1 sulfatase 1 4.68 0.02070 0.40900 4.03 0.00000 0.00100 

ACAN aggrecan 3.73 0.04770 0.46400 3.47 0.00003 0.00407 

WNT5A Wnt family member 5A 3.13 0.04620 0.46400 2.73 0.00006 0.00503 

ACTA2 actin, alpha 2, smooth muscle, aorta 2.37 0.03200 0.42500 1.58 0.00063 0.01780 

TPM2 tropomyosin 2 2.04 0.01130 0.38000 2.27 0.00013 0.00737 

SPHK1 sphingosine kinase 1 1.88 0.00601 0.34700 1.35 0.00018 0.00900 

UNC5B unc-5 netrin receptor B 1.63 0.04950 0.46400 2.60 0.00009 0.00602 

CADM3 cell adhesion molecule 3 -1.56 0.02350 0.41300 -2.76 0.00000 0.00119 

HSD11B1 hydroxysteroid 11-beta dehydrogenase 1 -1.64 0.02880 0.41900 -2.36 0.01070 0.07980 

SOD3 superoxide dismutase 3 -1.69 0.00585 0.34700 -2.15 0.00044 0.01460 

ACKR3 atypical chemokine receptor 3 -1.79 0.02020 0.40900 -1.51 0.02490 0.11600 

RSPO3 R-spondin 3 -2.01 0.04150 0.46300 -1.61 0.00062 0.01780 

GALNT16 polypeptide N-acetylgalactosaminyltransferase 16 -2.13 0.01130 0.38000 -1.66 0.00377 0.04620 

MBP myelin basic protein -2.26 0.01360 0.40200 -1.37 0.00225 0.03470 

PTGIS prostaglandin I2 synthase -2.33 0.04510 0.46400 -2.51 0.01580 0.09550 

GLDN gliomedin -2.43 0.01770 0.40600 -1.84 0.00239 0.03600 

SNED1 sushi, nidogen and EGF like domains 1 -2.78 0.00675 0.34700 -1.84 0.00215 0.03380 

MEDAG mesenteric estrogen dependent adipogenesis -3.00 0.01520 0.40300 -2.02 0.00377 0.04620 

CHRDL1 chordin like 1 -3.34 0.03710 0.44300 -2.68 0.00405 0.04840 

C3 complement C3 -3.52 0.00182 0.27800 -2.55 0.01480 0.09300 

CD74 CD74 molecule -4.03 0.03430 0.43700 -1.83 0.02910 0.12500 

RHOB ras homolog family member B -7.34 0.04680 0.46400 -2.10 0.00000 0.00098 
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5.4. Discussion 

This chapter presents the first analysis of the transcriptomes derived from purified cell 

populations from keloid scars and healthy human dermis. C26+ FAP+ cell populations and 

CD271+ cells derived from ex vivo keloid tissue and healthy human dermis have been isolated 

by FACS, and subsequent RNA sequencing enabled assessment of differential gene 

expression. To complement this data of uncultured cells, we also sequenced the 

transcriptomes of keloid and normal skin fibroblasts in vitro. 

 

5.4.1 CD26+ FAP+ upregulate ECM associated genes in keloid scarring 

In this study, the distinct populations of CD26+ FAP+ cells identified in keloid scars and healthy 

human dermis, as described in the previous chapter, were sequenced in order to understand 

their functions. We have shown that CD26+ FAP+ cells strikingly upregulate gene expression 

related to ECM, Wnt pathway, as well as multiple MMPs in keloid scarring. This is the first in-

depth gene expression study of an enriched cell population isolated from keloid scars and 

healthy human skin without any potential interference in gene expression due to cell culture.  

We have shown that most genes upregulated in CD26+ FAP+ associate with GO terms related 

to ECM, suggesting that ECM production is drastically increased in these cells in keloid 

scarring. For instance, genes encoding collagen type 1, 3, 5, 6, 7, 8, 11, 12 and 14 as well as 

genes expressing fibronectin, periostin and osteoglycin are significantly upregulated in CD26+ 

FAP+ cells derived from keloid scars. This is in accordance with recent mice studies where 

CD26+ fibroblasts reportedly have an intrinsic fibrogenic potential and are responsible for the 

ECM production during wound healing (93). Furthermore, Xin et al. (2017) recently described 

increased expression of profibrotic genes such as TGF-β1, IL6, IGF-1, collagen type 1, 

collagen type 3 and fibronectin in cultured CD26+ keloid fibroblasts compared to CD26- keloid 

fibroblasts (143). Similarly, we found IGF1, genes encoding for collagen type 1 and collagen 

type 3, and FN1 to be upregulated in uncultured CD26+ FAP+ keloid cells compared to these 
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cells in healthy human dermis. However, our data suggest that IL6 expression is 

downregulated in CD26+ FAP+ keloid cells while TGFB1 was not differentially expressed 

between CD26+ FAP+ cells from keloid scars and healthy skin.  Excessive formation of ECM 

is a key feature of keloid scarring and our data suggests that CD26+ FAP+ may be the main 

responsible cell type for ECM production in keloid scarring. 

In addition, we noticed that many of the differentially expressed genes that are upregulated in 

CD26+ FAP+ keloid cells are typically expressed in bone and cartilage including asporin, 

aggrecan, periostin, osteoglycin, cartilage oligomeric matrix protein (COMP), collagen type 5 

and 6, cartilage intermediate layer protein, nidogen 2, biglycan and thrombospondin 4.  

Asporin, a small leucine-rich repeat proteoglycan, was the most strikingly upregulated gene in 

keloid CD26+ FAP+ cells and has been previously found to be upregulated in keloid tissue 

(146, 229, 230). Asporin has been associated with osteoarthritis as it can inhibit 

chondrogenesis by inhibiting TGF-β signalling through directly binding TGF-β (236). This 

suggests that asporin may be upregulated in CD26+ FAP+ keloid fibroblasts as part of a 

negative feedback loop to inhibit TGF-β signalling in inflammatory keloid microenvironment. 

Periostin is the second most upregulated gene in CD26+ FAP+ cells in keloid scarring. It has 

been previously found to be increased in keloid scarring and its overexpression is associated 

with promoting angiogenesis (237, 238).  COMP is a noncollagenous extracellular matrix 

glycoprotein usually found in cartilage but has recently been identified as a potential new 

marker for keloid scars (239).  Furthermore, type 5 collagen is similar as type 1 and 3 collagen, 

a fibrillary collagen, which is crucial for fibrillation of type 1 and type 3 collagen and is known 

to be a part of bone matrix (240). Our observed upregulation of genes associated with cartilage 

and bone formation is similar to previously reported expression patterns in keloid tissue by 

cDNA microarray studies, which also found aberrant expression of osteogenesis and 

chondrogenesis-associated genes in keloid scars (228, 229). 

In addition to elevated expression of genes encoding ECM molecules, we also described 

aberrant expression of ECM-degrading MMPs in CD26+ FAP+ cells in keloid scarring 
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including upregulation of MMP 13, MMP 11, MMP 3 and ADAM metallopeptidase domain 12 

(ADAM12). Moreover, expression of tissue factor pathway inhibitor 2 (TFPI2) and 

thrombospondin 2 (THBS2) is decreased in keloid scarring and both molecules have been 

shown to inhibit MMP function (241, 242), thus suggesting an increased MMP activity in keloid 

scarring. Interestingly, MMP13, the most strikingly upregulated MMP in our dataset, cleaves 

collagen type 2 and aggrecan and plays a key role in bone formation and remodelling by 

degrading cartilage (243). The disintegrin and metalloproteinase ADAM12, which is regulated 

by TGF-β, has been shown to be overexpressed in keloid tissue by numerous previous studies 

including the study by Jumper et al. combining laser capture microdissection and microarray 

(146, 244, 245). Thus, the CD26+ FAP+ fibroblast population may be the source of this 

overexpression observed in keloid scarring.  Although increased MMP activity has been 

previously published in keloid scarring (50), to our knowledge none of the previous microarray 

studies reported such striking overexpression of multiple MMPs in keloid tissue (101, 146, 

228). Our data imply that the enhanced MMP activity in keloid scarring occurs through 

increased expression of MMPs by CD26+ FAP+ fibroblasts. This may contribute to the 

impaired collagen remodelling in keloid scarring and potentially promote the invasion of keloid 

fibroblasts into the skin surrounding the keloid lesion. 

Besides, gene enrichment analysis revealed that multiple genes related to the Wnt signalling 

pathway are differentially expressed in CD26+ FAP+ cells derived from keloid and healthy 

human skin including Wnt family members 2 and 5a (WNT2, WNT5a), secreted frizzled related 

protein 2 and 4 (SFRP2, SFRP4) as well as dickkopf Wnt signalling pathway inhibitor 3 

(DKK3), frizzled class receptor 1 (FZD1) and Wnt inhibitory factor 1 (WIF1). Interestingly, while 

Wnt2, Wnt5a and the Wnt receptor FZD1 are upregulated in keloid CD26+ FAP+ cells, the 

Wnt inhibitors SFRP2 and SFRP4 are also upregulated. However, we found the Wnt inhibitor 

WIF1 to be downregulated in keloid CD26+ FAP+ cells compared to those cells in healthy 

human skin. The Wnt pathway is a key pathway activated during cutaneous wound healing 

process and has been recently hypothesised to play a crucial role in keloid pathogenesis by 
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stabilising β-catenin, leading to a subsequent increased collagen production (116, 129, 130, 

133, 246, 247). Consistent with our data, Wnt5a has been found to be increased in keloid 

tissue and in keloid fibroblasts compared to normal controls (129). However, the same study 

only reports sporadic expression of Wnt2 in keloid fibroblasts compared to normal skin 

fibroblasts (129), while our data suggest upregulation of Wnt2 expression in CD26+ FAP+ 

keloid fibroblasts. In addition, Naitoh et al. found SFRP4 to be upregulated in 2 from 3 keloid 

lesions consistent with our findings (228). Similarly, a microarray study by Seifert and 

colleagues has shown that expression of the Wnt inhibitor SFRP2 is increased in keloid 

fibroblasts grown from the keloid centre compared to fibroblasts grown from the keloid margin 

(57). Interestingly, previous studies report decreased expression of DKK3 in keloid fibroblasts 

(116, 248). This is in contrast to our findings of increased expression of DKK3 in CD26+ FAP+ 

keloid fibroblasts. However, the previous publications investigated DKK3 expression in 

cultured fibroblasts from keloid lesions rather than in vivo, which may explain this discordance 

as the DKK3 expression may be altered by in vitro cell culture.  Overall, these data clearly 

show that Wnt signalling is altered in CD26+ FAP+ keloid cells. However due to the fact that 

Wnt ligands as well as Wnt antagonists are upregulated further research is required to 

determine whether the Wnt pathway is activated or inhibited in CD26+ FAP+ cells during keloid 

formation. 

Moreover, potential upstream regulators for the transcriptional changes occurring in CD26+ 

FAP+ cells in keloid scarring were predicted using IPA. In accordance with the keloid literature, 

TGF-β1, which plays a central role in keloid pathogenesis, was predicted to be activated and 

the most probable upstream regulator in CD26+ FAP+ keloid cells. However, TGFB1 was only 

differentially expressed with a log2(FC) of 0.878 in CD26+ FAP+ cells in keloid scars. This 

suggests that TGF-β1 is probably secreted by a different cell population than the CD26+ FAP+ 

fibroblasts in keloid scarring for instance by inflammatory infiltrates previously described in 

keloid scarring (168). Interestingly, expression of TGFB3 is 2.92 fold increased in CD26+ 

FAP+ keloid cells and was also predicated as an activated upstream regulator in CD26+ FAP+ 
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keloid cells. This is noteworthy as TGF-β3 previously was thought to have an anti-scarring 

effect while TGF-β1 is thought to be responsible for fibrotic scarring (249). Previous studies 

also have reported upregulation of TGFB3 in keloid tissue (228, 250). However, the role of 

TGF-β3 in keloid pathogenesis remains uncertain. Some studies suggest that TGF-β3 has 

prochondrogenic potential (251, 252), which may explain the ectopic expression of 

chondrogenesis associated genes in CD26+ FAP+ keloid cells.  In addition to this, it is 

noteworthy that our analysis of the CD26+ FAP+ gene signature also predicted a potential 

downregulation of the inflammatory cytokines TNF, IFNγ and IL-1β in keloid scarring. This is 

compelling as it contrasts the previous understanding of an inflammatory microenvironment in 

keloid scarring, and suggests a modulated balance of cytokines with immune cells such as 

T cells and macrophages producing TGF-β rather than inflammatory cytokines leading to 

changes in the gene signature of CD26+ FAP+ keloid fibroblasts. On the other hand, it is also 

possible that fibroblasts may not be able to respond to the inflammatory cytokines due to 

excessive TGF-β signalling. Overall, further work is needed to understand which cells and 

signals drive the pathogenic behaviour of CD26+ FAP+ fibroblasts leading to keloid scar 

formation.  

In conclusion, we have successfully isolated CD26+ FAP+ fibroblast populations from fresh 

ex vivo human dermis and keloid tissue. RNA sequencing revealed that the most striking 

transcriptional change in CD26+ FAP+ cells in keloid scars is the increased expression of 

ECM related genes. This suggests that CD26+ FAP+ may be the key responsible cell 

population for the elevated ECM deposition in keloid pathogenesis. Alongside this, our data 

also show upregulation of genes associated with bone and cartilage formation as well as an 

impaired expression of Wnt signalling molecules and increased MMP activity in keloid CD26+ 

FAP+ cells. Future research is required to validate and assess our findings for example by 

conducting in vitro functional experiments of purified CD26+ FAP+ cells. Overall, this data 

provides the opportunity to develop new keloid treatments to directly target CD26+ FAP+ 

fibroblast population. 
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5.4.2 CD271+ cells may promote angiogenesis and leukocyte recruitment 

This study analysed the transcriptomes of sorted CD271+ mesenchymal cells in keloid scars 

identified in the previous chapter. Differential expression analysis of CD271+ cells in 

comparison to CD26+ FAP+ fibroblasts from keloid scars revealed that CD271+ cells express 

perivascular markers such as CD146 (MCAM), αSMA (ACTA2) and collagen type 4 (COL4A1, 

COL4A2) and their gene expression is associated with functions including recruitment of cells, 

tubulation of cells, adhesion of vascular endothelial cells and microtubule dynamics. 

Comparison of the transcriptomes of sorted CD271+ cells and CD26+ FAP+ fibroblasts, both 

derived from keloid scars, confirmed successful sorting of the populations based on the 

differential expression of the key markers to sort the distinct populations. NGFR gene 

encoding for CD271 was upregulated in CD271+ cells and DPP4 expression was increased 

in CD26+ FAP+ fibroblasts. However, sorted CD271+ cells from keloid had increased 

expression levels of MCAM, which encodes CD146. This indicates that either CD271+ cells 

express CD146 on transcriptional level but not on a protein level or that the isolated 

populations were not 100% pure. Our gating strategy aimed to eliminate CD146+ cell prior to 

sorting the CD271+ cell population. However, we have shown in Chapter 4 that there are 

CD271+ CD146- cells in keloid scars as well as CD271+ CD146+ pericytes by 

immunofluorescence microscopy (Figure 4-5). Therefore, it seems likely that the sorted cell 

population contained some CD90+ DUMPlow cells attributable to CD146+ CD271+ CD90+ 

pericytes. 

Expression of pericyte markers CD146, αSMA and collagen type 4, which forms the vascular 

basement membrane, in addition to the associated functions relating vessel formation, 

suggests that the sorted CD271+ cell population is located as expected around vessels. 

Moreover, several chemokines are expressed in CD271+ cells including CCL2, CCL19, 

CXCL12 and its receptor CXCR4. CCL19, one of the top differentially expressed genes 

between CD271+ keloid cells and CD26+ FAP+ keloid cells, is known to regulate homing of 

CCR7+ dendritic cells and lymphocytes from the periphery to lymph nodes (253, 254).  CCL2, 
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also known as monocyte chemoattractant protein-1 (MCP-1), is involved in monocyte 

recruitment as the name suggests, but it also plays a crucial role in angiogenesis by promoting 

proliferation, migration and tube formation of endothelial cells (255, 256).  In addition, CXCR4 

is strikingly upregulated in CD271+ keloid cells compared to CD26+ FAP+ keloid fibroblasts. 

It binds CXCL12 (or SDF-1), which we have shown to be also differentially expressed, 

however to lower levels than CXCR4. The CXCL12/CXCR4 axis plays a role in stem cell and 

leukocyte trafficking (235). However, it has also been shown that CXCL12 and CXCR4 are 

involved in pericyte recruitment and migration as well as endothelial tube formation (257, 258). 

Collectively, these data indicate that CD271+ cells may contribute to the inflammatory 

response by promoting leukocyte recruitment as well as blood vessel formation in keloid 

scarring. 

In conclusion, these findings suggest that we successfully sorted CD271+ cells from keloid 

scars and differential expression indicates that these cells are indeed located in the 

perivascular space. However, further investigation is required in order to assess whether the 

sorted population contained some contamination from CD146+ pericytes as MCAM was 

differentially expressed between CD271+ cells and CD26+ FAP+ cells or if the targeted 

CD271+ CD146- cells have similar functions to pericytes.  Despite the increasing interest in 

pericytes and their functions, little is known about perivascular cell populations in keloid 

scarring. As future directions, it remains interesting to sort the CD271+ cell population from 

healthy human skin in order to compare them directly to the CD271+ cells derived from keloid 

scars. This may provide a better understanding of the role of CD271+ cells in keloid formation. 

 

5.4.3 Transcriptomes from keloid and normal skin fibroblasts are similar in 

vitro 

Finally, this study provides evidence that fibroblasts derived from healthy human skin and 

keloid scars are strikingly different when analysed as fresh samples but highly similar once 

taken out of their microenvironment and grown in vitro. This has significant implications for 
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many other keloid studies, which use cultured keloid fibroblasts in their experiments. However, 

our analysis also suggests that there may be functional differences with increased cell motility, 

invasion and cell proliferation, and decreased apoptosis in cultured keloid fibroblasts 

compared to normal skin fibroblasts. 

IPA associated the differential expression between keloid and normal skin fibroblasts with 

downstream effect related to increased cell motility and cell invasion in keloid fibroblasts. This 

is consistent with our functional data described in the previous chapter where keloid fibroblasts 

exert increased invasiveness into a 3D collagen matrix. However, we found no significant 

difference in cell migration between keloid and healthy skin fibroblasts. Interestingly, the actin 

cytoskeleton signalling pathway was also predicted to be upregulated in keloid fibroblasts due 

to differential gene expression of genes encoding different actins such as ACTA2, ACTB, 

ACTN1 and ACTN4, as well as genes encoding myosin light chain 6 and 9, MYL6 and MYL9. 

The actin cytoskeleton plays a crucial role in regulating cell motility (259), thus providing further 

evidence for the findings above.  Supporting these findings, analysis of downstream effects 

also suggested a potential increase in proliferation and decrease in apoptosis in keloid 

fibroblasts compared to fibroblasts derived from healthy human skin. However, our previous 

research found no significant difference in cell proliferation between keloid and normal skin 

fibroblasts.  

Furthermore, we have identified genes that are differentially expressed in CD26+ FAP+ keloid 

cells in vivo and remain differentially expressed between keloid and normal skin fibroblasts in 

culture. While the most striking difference between the CD26+ FAP+ cells from keloid scar 

and normal skin is the excessive expression of ECM genes, we found only fibronectin and 

aggrecan to be differentially expressed in both CD26+ FAP+ cells and in cultured fibroblasts. 

This is consistent with previous studies revealing overexpression of fibronectin and aggrecan 

in keloid fibroblasts (64, 95, 260).  In addition, ACTA2, the gene encoding the myofibroblast 

marker αSMA, is also differentially expressed between CD26+ FAP+ fibroblasts and cultured 

fibroblasts from keloid and normal skin. There is mixed evidence in the literature whether 
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keloid fibroblasts are αSMA positive in vivo (29, 149, 151, 261). Our data suggest that αSMA, 

though upregulated in both CD26+ FAP+ keloid cells in vivo and by keloid fibroblasts in vitro, 

is expressed to much higher levels in cultured than in uncultured fibroblasts, where αSMA is 

only expressed to low-moderate levels.  Finally, we have shown that the Wnt ligand WNT5a 

is differentially expressed in both, CD26+ FAP+ keloid cells and cultured keloid fibroblasts 

compared to the same cells derived from healthy human skin. This is in accordance with a 

previous study by Igota et al. revealing upregulation of Wnt5a and highlighting a potential role 

for Wnt signalling pathway in keloid fibroblasts in vitro (129). Interestingly, increased 

expression of Wnt5a has been shown in usual interstitial pneumonia (UIP) lung fibroblasts and 

treatment of normal lung fibroblasts resulted in increased proliferation, decreased apoptosis 

and elevated expression of fibronectin (262).  These features are similar to the differences we 

have observed between keloid and normal skin fibroblasts suggesting that Wnt5a may be the 

key driver of the differences of cultured keloid and skin fibroblasts. 

In conclusion, our data confirm that cultured keloid fibroblasts only resemble their in vivo 

phenotype in a limited fashion, by demonstrating the similarity of keloid and normal skin 

fibroblasts gene expression in vitro. Due to the lack of animal models, most keloid research is 

undertaken as in vitro studies. However, these data highlight the limitations of using cultured 

fibroblasts to study keloid pathogenesis. 
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 Expression of TWIST1 and related proteins by 

fibroblasts within human keloid scars 

6.1. Introduction 

Keloids are raised, fibrotic scars that may occur as response to injury, trauma, burns or 

inflammation (25). Keloids are characterised by excessive fibroblast proliferation, increased 

ECM production, and most importantly invasion into the surrounding tissue beyond the 

margins of the original wound site. To patients, keloids can cause significant cosmetic 

concerns, as well as distress from pruritus, pain and erythema (25). To date, there is no single 

reliable treatment for keloid scars to manage their invasive growth or control their high rate of 

recurrence. 

Various molecular pathways have been reported to be involved in keloid scarring (26, 116, 

130, 263-265). However, the exact cellular and molecular mechanisms for keloid formation, 

invasive growth and recurrence are still poorly understood.  Recently, TWIST1 has been 

identified as a key fibrotic factor in Systemic Sclerosis (SSc), a multisystem autoimmune 

disease with pathognomonic skin fibrosis(266). TWIST1 is a basic helix-loop-helix (bHLH) 

transcription factor, which acts as a master regulator of mesoderm development (267-269). In 

SSc TWIST1 upregulation via transforming growth factor-ß (TGF-ß)/SMAD3 signalling led to 

increased collagen production and myofibroblast differentiation (266). These findings raised 

the question of whether TWIST1 might also be involved in the pathogenesis of keloid scars, 

where similar changes in fibroblastic cell behaviour have been observed, along with other 

characteristics associated with TWIST1 expression, such as increased invasion and 

migration. 

TWIST1 expression can be induced by cytokines already implicated in keloid pathogenesis. 

TGF-ß and downstream signalling pathways are believed to be important mediators in the 
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pathogenesis of keloid scarring (31, 117, 125, 245, 270-272). TGF-ß upregulates fibroblast 

proliferation and collagen synthesis in keloid fibroblasts (270, 273). In addition, previous 

studies revealed underlying chronic inflammation and subsequent inflammatory infiltrates in 

keloids, suggesting that inflammation has a potential role in driving excess cellular proliferation 

and ECM production seen in keloids (89, 168, 176, 274).  

TWIST1 is also a downstream target of β-catenin transcriptional activity (275-278). Several 

recent studies revealed the potential role of the Wnt/β-catenin signalling pathway in aberrant 

wound healing and fibrogenesis (279-281). Wnt signalling is transduced by β-catenin, which 

translocates to the nucleus where it binds to the nuclear transcription factor lymphoid 

enhancer-binding factor/T-cell-specific factor (LEF/TCF) and subsequently regulates the 

transcription of Wnt target genes. In addition to the well-studied role of TGF-ß in keloid 

formation, the Wnt pathway has recently been reported to be upregulated in keloid scarring 

(129-131, 133). In fact, there is recent evidence that the canonical Wnt/β-catenin pathway is 

necessary for TGF-ß induced fibrosis (282). 

One of TWIST1’s downstream targets is BMI1 (B lymphoma Mo–MLV insertion region 1 

homologue) (283), a polycomb group protein involved in suppressing cellular senescence, and 

maintaining self-renewal and “stemness” (284). Hence as well as expression of TWIST1 in 

keloid scars, it is of interest to determine the expression levels of downstream targets such as 

BMI1 and αSMA (266). 

To investigate a potential role for TWIST1 in keloid pathogenesis we therefore performed 

multicolour fluorescence immunohistochemistry on frozen sections from keloid tissue using 

antibodies for TWIST1 and BMI1. Samples of normal skin and normal scar tissue were stained 

for comparison. We also investigated the expression of TWIST1 and αSMA in cultured 

fibroblasts derived from healthy skin and keloid scars. 
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6.2. Methods 

The methods undertaken are described in Chapter 2. 
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6.3. Results 

6.3.1 Expression of TWIST1 and related proteins in keloid tissue 

We analysed the expression of TWIST1 in keloids tissue using multicolour 

immunofluorescence microscopy and compared keloid with normal scar and normal skin. In 

keloids, both the cells within the keloid mass and the overlying papillary dermis showed 

expression of TWIST1 protein (Figure 6-1 A-B). Interestingly, we observed more frequent 

TWIST1 positive cells in keloid compared to normal scar and normal skin, in both the papillary 

and reticular dermis. In addition, quantification of TWIST1 positive cells confirmed a significant 

increase in the proportion of TWIST1 positive cells in keloid in the papillary and reticular dermis 

compared to normal scar and normal skin (Figure 6-1 C-D). Most of the TWIST1 positive cells 

in keloid were CD90+ and therefore are mesenchymal keloid fibroblasts. These data clearly 

demonstrate an increase in TWIST1 expression in keloid tissue relative to normal scar and 

normal skin tissue. 
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Figure 6-1: TWIST1 expression is increased in keloid scars. 

Multi-colour immunohistochemistry of TWIST1 (red), CD90 (green), a marker for mesenchymal cells, and CD146 
(cyan), a marker of blood vessels, in the papillary dermis (A) and reticular dermis (B) of keloid scars (n=10), normal 
scars (n=3) and healthy skin (n=3). Representative images are shown in 20x magnification. Blue represents DAPI 
staining of cell nuclei. Quantitative analysis of TWIST1 expression in the papillary (C) and reticular dermis (D) of 
keloid scars, normal scar and normal skin controls. Data are shown as mean ± SEM. Significance was determined 
by Mann-Whitney test with **p≤0.01. 

 

 

 

As a next step, we investigated the expression of BMI1 in keloid tissue as it is a key target 

molecule of TWIST1. We found that BM1 is commonly expressed by mesenchymal cells in 

the keloid mass and the overlying papillary dermis of keloid tissue (Figure 6-2 A-B), but only 

very rarely in normal skin or normal scar. Furthermore, quantification of BMI1 showed a 
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significant increase of BMI1 positive cells in the papillary and reticular dermis in keloid relative 

to normal scar and normal skin (Figure 6-2 C-D). However, there was no apparent difference 

between the numbers of cells expressing BMI1 within the keloid mass compared with the 

overlying papillary regions. 

 

 

 

Figure 6-2: BMI1 expression is increased in keloid scars. 

Multi-colour immunohistochemistry of BMI1 (red), CD90 (green), a marker for mesenchymal cells, and CD146 
(cyan), a marker of blood vessels, in the papillary dermis (A) and reticular dermis (B) of keloid scars (n=10), normal 
scars (n=3) and healthy skin (n=3). Representative images are shown in 20x magnification. Blue represents DAPI 
staining of cell nuclei. Quantitative analysis of BMI1 expression in the papillary (C) and reticular dermis (D) of keloid 
scars, normal scar and normal skin controls. Data are shown as mean ± SEM. Significance was determined by 
Mann-Whitney test with *p≤0.05 and **p≤0.01. 
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TWIST1 can be a target of the canonical Wingless (Wnt) pathway and β-catenin is a key 

signalling molecule in the Wnt pathway. We therefore investigated expression of nuclear 

localised, transcriptionally active β-catenin, which is dephosphorylated at serine 37 and 

threonine 41, in keloid, normal scar and normal skin.  Activated β-catenin was seen throughout 

the epidermis of keloid, normal scar and normal skin. However, only keloid fibroblasts showed 

nuclear expression of activated β-catenin, while no staining for β-catenin was detected in 

dermal cells of normal scar and normal skin tissue (Figure 6-3 A-B). Quantification of β-catenin 

staining demonstrates significant differences for the numbers of β-catenin positive cells in the 

papillary and reticular dermis between keloid and normal scar and normal skin (Figure 6-3 C-

D). Even though no nuclear stain is observed for β-catenin in normal skin and normal scar 

tissue, small percentages of apparent β-catenin positive cells were observed due to 

background staining of collagen fibres in normal skin and normal scar tissue. This data 

demonstrates that β-catenin signalling is highly upregulated in the dermis in keloid scarring. 

TWIST1 is thought to induce expression of the myofibroblast marker αSMA, therefore we 

investigated the expression of αSMA in keloid tissue. In contrast to TWIST1 and BMI1, 

fibroblasts in keloid scars did not express αSMA in situ (Figure 6-4). However, αSMA was 

detectable in smooth muscle cells around blood vessels that co-expressed CD146 in keloid 

sections, and the same staining pattern was also seen in normal scar and normal skin (Figure 

6-4).  Hence we conclude that keloid fibroblasts do not express αSMA in vivo, at least not at 

a level equivalent to that in smooth muscle cells. 

Taken together, we have shown that TWIST1, target molecule BMI1, and potential inducer β-

catenin are overexpressed by fibroblasts in keloid tissue compared to normal scar and normal 

skin. This suggests a potential role of the TWIST1 pathway in keloid pathogenesis. 
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Figure 6-3: Active β-catenin expression is increased in keloid scars. 

Multi-colour immunohistochemistry of active β-catenin (dephosphorylated at Ser37 and Thr41) (red), CD90 (green), 
a marker for mesenchymal cells, and CD146 (cyan), a marker of blood vessels, in the papillary dermis (a) and 
reticular dermis (b) of keloid scars (n=10), normal scars (n=3) and healthy skin (n=3). Representative images are 
shown in 20x magnification. Blue represents DAPI staining of cell nuclei. Quantitative analysis of nuclear, active β-
catenin expression in the papillary (c) and reticular dermis (d) of keloid scars, normal scar and normal skin controls. 
Data are shown as mean ± SEM. Significance was determined by Mann-Whitney test with *p≤0.05 and **p≤0.01. 
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Figure 6-4: αSMA expression in keloid tissue. 

Multi-colour immunohistochemistry of αSMA (red) and CD146 (green), a marker of blood vessels in keloid scars 
(n=3), normal scars (n=3) and healthy skin (n=5). Representative images are shown in 20x magnification. Blue 
represents DAPI staining of cell nuclei. 
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6.3.2 TWIST1 expression in primary skin and keloid fibroblasts in vitro 

Due to TWIST1 upregulation in keloid tissue, we investigated expression of TWIST1 and the 

myofibroblast marker αSMA in cultured healthy skin and keloid fibroblasts as TWIST1 can 

reportedly drive myofibroblast expression in vitro (266). In addition, we assessed TWIST1 and 

αSMA expression under the influence of the cytokines TGF-β1 and IL6 as potential inducer of 

TWIST1 expression (Figure 6-5). Interestingly, we observed that all fibroblasts from keloid 

scar and normal skin were positive for TWIST1 in vitro without further cytokine treatment. 

However, in contrast to our tissue staining some fibroblasts from both healthy skin and keloid 

scars were αSMA positive in vitro. Similarly, all fibroblasts from both healthy skin and keloid 

scars treated with TGF-β1 or IL6 for 48 h were also positive for TWIST1 and showed mixed 

expression of αSMA (Figure 6-5 A-B).  Quantification of the staining intensities confirmed that 

there was no significant difference for the expression of TWIST1 between keloid and normal 

skin fibroblasts and the different cytokine treatments in vitro and that all fibroblasts are positive 

for TWIST1 (Figure 6-6 A-B). On the other hand, quantification revealed that although there is 

no significant difference in αSMA expression between keloid fibroblasts and skin fibroblasts, 

the number of αSMA positive cells increases significantly in normal skin fibroblasts when 

treated with TGF-β1 with a similar trend seen in keloid fibroblasts (Figure 6-6 C-D). 

In addition, due to the proposed role of Wnt signalling pathway in keloid pathogenesis and its 

potential as TWIST1 inducer, we investigated TWIST1 and αSMA expression in keloid and 

normal skin fibroblasts under the influence of the Wnt ligands, Wnt3a and Wnt5a (Figure 6-7). 

However similarly to the cytokine treatment, all fibroblasts from both keloid and normal skin 

under all three conditions appeared to be positive for TWIST1 and some fibroblasts stained 

positive for αSMA (Figure 6-7 A-B).  Quantification of the staining intensity of TWIST1 

confirmed that there was no significant difference in TWIST1 expression between keloid and 

normal skin fibroblasts and between untreated fibroblasts and treated with Wnt3a or Wnt5a 

(Figure 6-8 A). Furthermore, it confirmed that all fibroblasts are TWIST1 positive in vitro 

(Figure 6-8 B). Quantification also revealed an increase of αSMA staining intensity in normal 
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skin fibroblasts treated with Wnt3a compared to untreated and fibroblasts treated with Wnt5a 

(Figure 6-8 C). However, there were no significant differences in the percentage of αSMA 

positive cells although a trend to an increased percentage of αSMA positive cells in fibroblasts 

treated with Wnt3a can be observed (Figure 6-8 D). 

Overall, these data showed that TWIST1 is expressed in all cultured fibroblasts derived from 

healthy human skin and from keloid scars and that treatment of the cells with TGF-β1, IL6, 

Wnt3a or Wnt5a does not alter the expression levels of TWIST1. Furthermore, staining 

revealed that keloid and normal skin fibroblasts express heterogeneous levels of αSMA, and 

the fraction of αSMA positive cells can be increased by treatment with TGF-β1. 



Chapter 6 

185 
 

 

Figure 6-5: TWIST1 expression in healthy skin and keloid fibroblasts treated with TGF-β1 or IL6 in vitro. 

Expression of TWIST1 (red) and αSMA (green) in cultured (A) healthy skin fibroblasts (n=3) and (B) keloid 
fibroblasts (n=3) at passage 4 was analysed by the Operetta High-Content Imagining System followed by 
Columbus software analysis. Fibroblasts were treated with 40 ng/mL TGF-β1 or IL6 for 48h. Blue represents DAPI 
staining of cell nuclei. Representative images are shown in 20x magnification.  
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Figure 6-6: Quantification of TWIST1 and αSMA expression in healthy skin and keloid fibroblasts treated 
with TGF-β1 or IL6 in vitro. 

Fluorescence intensity for TWIST1 and αSMA (A, C) of keloid fibroblasts (n=3) and normal skin fibroblasts (n=3) 
and the percentage of positive cells for both markers (B, D) was quantified using Columbus software analysis.  
Data are shown as mean ± SEM. Significance was determined by two-way analysis of variance (ANOVA) with 
Turkey’s correction for multiple comparisons with *p≤0.05 and **p≤0.01. 
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Figure 6-7: TWIST1 expression in healthy skin and keloid fibroblasts treated with Wnt3a or Wnt5a in vitro. 

Expression of TWIST1 (red) and αSMA (green) in cultured (A) healthy skin fibroblasts (n=3) and (B) keloid 
fibroblasts (n=3) at passage 4 was analysed by the Operetta High-Content Imagining System followed by 
Columbus software analysis. Fibroblasts were treated with 100 ng/mL Wnt3a or Wnt5a for 48h. Blue represents 
DAPI staining of cell nuclei. Representative images are shown in 20x magnification. 

 



Chapter 6 

188 
 

 

Figure 6-8: Quantification of TWIST1 and αSMA expression in healthy skin and keloid fibroblasts treated 
with Wnt3a or Wnt5a in vitro. 

Fluorescence intensity for TWIST1 and αSMA (A, C) of keloid fibroblasts (n=3) and normal skin fibroblasts (n=3) 
and the percentage of positive cells for both markers (B, D) was quantified using Columbus software analysis.  
Data are shown as mean ± SEM. Significance was determined by two-way analysis of variance (ANOVA) with 
Turkey’s correction for multiple comparisons with *p≤0.05. 

 

 

While in situ not all cells are TWIST1 positive in skin and in keloid tissue, we have shown that 

once in culture all keloid and normal skin fibroblasts express TWIST1. Thus, we presumed 

that serum in the culture medium is driving constant proliferation of the fibroblasts switching 

on expression of TWIST1 in vitro. In order to assess, if fibroblasts lose expression of TWIST1 

once in cell cycle arrest in vitro, we investigated TWIST1, ki67 and αSMA expression of keloid 

and normal skin fibroblasts in different culture media with and without serum supplementation. 
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The proliferation protein ki67 is expressed in all actively dividing cells during the cell cycle 

phases G1, S, G2 and M except in G0 during cell cycle arrest.  After 3 days in culture, some 

keloid and normal skin fibroblasts in media supplemented with 10% FBS (DF10) or 1% FBS 

(DF1), stained positive for ki67 with more ki67 positive cells cultured in DF10 than DF1 (Figure 

6-9 A-B). In serum-free media with and without ITS supplementation very few cells showed 

expression of ki67 in both keloid and normal skin fibroblasts. After 2 weeks, ki67 was 

expressed in a similar manner in fibroblasts grown in DF10 and DF1, and no ki67 staining was 

detected in fibroblasts grown in D0 or D0 with ITS. Interestingly, staining after culture for 2 

weeks revealed that contact inhibition is not occurring in cultured fibroblasts grown in DF10 

as they express ki67 despite being confluent and appear to be growing in multiple layers rather 

than a monolayer. These observations were confirmed by quantifying staining intensity as the 

high cell density of fibroblasts grown in DF20 after two weeks did not allow accurate estimation 

of the percentage of positive cells. Quantification showed that ki67 nuclear staining intensity 

is significantly lower in fibroblasts cultured in D0 and D0 with ITS than in fibroblasts grown in 

DF10 and DF1 (Figure 6-10 A-B). However, the only statistically significant difference between 

keloid and normal skin fibroblasts was when grown in DF1 with keloid fibroblasts showing 

slightly increased ki67 staining intensity than normal skin fibroblasts.  It is noteworthy that due 

to technical issues only one well of the secondary only controls for keloid fibroblasts was able 

to be quantified. However, due to the fact that the secondary only controls for skin and keloid 

in all previous experiments were similar (Figure 6-6 A,C; Figure 6-8 A,C), we conclude that 

the normal skin secondary only control will be sufficient to establish the staining background 

for keloid fibroblasts as well. Furthermore, the percentage of positive cells was not quantified 

as the fibroblast multilayers after two weeks will affect appropriate quantification. Overall, 

these data suggest that keloid and normal skin fibroblasts enter growth arrest but survive in 

serum-free DMEM for at least two weeks while they continue to proliferate in serum-

supplemented DMEM and no contact inhibition occurs. 

Despite fibroblasts entering growth arrest when cultured in serum-free media, co-staining with 
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TWIST1 revealed that ki67 positive and negative keloid and normal skin fibroblasts cultured 

in all assessed cell culture media express TWIST1 (Figure 6-9 A-B). Quantification of TWIST1 

staining intensity confirmed that TWIST1 is expressed to similar levels in all assessed media 

and between keloid and normal skin fibroblasts (Figure 6-10 C-D). Significant differences were 

only measured for cells cultured for 3 days in DF1 between keloid and skin fibroblasts and 

between skin fibroblasts grown for 3 days in DF10 or D0 with ITS supplementation (Figure 

6-10 C). However, no significant differences measured for fibroblasts cultured for 2 weeks 

(Figure 6-10 D). Overall, these findings indicate that TWIST1 expression is not regulated by 

the cell cycle and is not directly influenced by serum in the culture media. 

Furthermore, we observed that only very few fibroblasts from both keloid and normal skin were 

positive for αSMA after 3 days in culture, while the numbers of αSMA positive cells drastically 

increased in fibroblasts cultured in serum-supplemented media after 2 weeks (Figure 6-9 A-

B). This was confirmed by quantification of αSMA staining intensity which revealed that αSMA 

staining intensity of fibroblasts was similar to the secondary antibody control lacking primary 

antibodies after 3 days in culture (Figure 6-10 E). However, after 2 weeks in culture there were 

significant increases in αSMA staining intensity for keloid and normal skin fibroblasts cultured 

in DF10 and DF1 compared to fibroblasts cultured in serum-free D0 with or without ITS 

supplement (Figure 6-10 F). Interestingly, αSMA staining intensity increases with the amount 

of serum supplemented in the media with DF10 showing higher levels than DF1. These data 

suggest that αSMA expression in culture is driven by serum in the culture media or αSMA 

expression may also be affected by cell-cell contact as cell confluence increased with amount 

of serum in the culture media. 

Taken together, we have shown that all fibroblasts from keloid scar and from normal skin 

express TWIST1 in vitro. However, TWIST1 expression appears to be independent of the cell 

cycle in vitro as TWIST1 staining did not correlate with ki67 expression in fibroblasts. 

Furthermore, αSMA expression increases after two weeks in culture in fibroblasts grown in 

serum-supplemented media. 



 

 

 

 

Figure 6-9 TWIST1 expression in healthy skin and keloid fibroblasts cultured in different media in vitro. 

Expression of TWIST1 (red), ki67 (green) and αSMA (cyan) in cultured (A) healthy skin fibroblasts (n=3) and (B) keloid fibroblasts (n=3) at passage 2 was analysed by the 
Operetta High-Content Imaging System. Fibroblasts were cultured in DF10 (10% FBS), DF1 (1% FBS), D0 (serum-free) or D0 supplemented with ITS (serum-free) for 3 days 
and 2 weeks. Representative images are shown in 20x magnification. 
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Figure 6-10: Quantification of ki67, TWIST1 and αSMA expression in cultured fibroblasts. 

Fluorescence intensity for ki67 (A, B), TWIST1 (C, D) and αSMA (E, F) of normal skin fibroblasts (black bars) (n=3) 
and keloid fibroblasts (grey bars) (n=3) cultured in different media for 3 days or 2 weeks was quantified using 
Columbus software. Data are shown as mean ± SEM. Significance between skin and keloid was determined by 
two-way ANOVA with Sidak’s correction for multiple comparisons and significance between the different culture 
conditions was determined by two-way ANOVA with Turkey’s correction for multiple comparisons. Significance was 
denoted with *p≤0.05, ** p≤0.01, *** p≤0.001 and **** p≤0.0001.  



Chapter 6 

193 
 

6.4. Discussion 

In this study, we show that TWIST1 expression is increased in keloid scars along with TWIST1 

and downstream TWIST1 target BMI1 (283).  These data suggest TWIST1 and BMI1 may be 

involved in the molecular pathogenesis of keloid scars. 

TWIST1 is best known in the context of the EMT in cancer, where expression of TWIST1 by 

cancer cells is associated with the loss of epithelial markers and the gain of mesenchymal 

molecules that increase invasiveness and metastasis. However recent work has also revealed 

potential roles for TWIST1 in the regulation of mesenchymal cell behaviour in fibrotic disease 

(266).  TWIST1 expression is increased in fibroblasts in both the skin of patients suffering from 

SSc and in animal models of skin fibrosis (266). Fibroblasts derived from patients with SSc 

continued to express TWIST1 in culture, and the level of TWIST1 expression could be 

increased by exposure to TGF-ß. Overexpression of TWIST1 increased sensitivity to TGF-ß 

signalling, increasing myofibroblast features such as expression of αSMA, as well as secretion 

of type I collagens. Consistent with these data knockout of TWIST1 in mice reduced fibrosis 

induced by bleomycin, associated with reduced myofibroblast activity and reduced type I 

collagens, confirming TWIST1 as a therapeutic target in fibrotic skin disease (266).  

We have demonstrated some similar features in keloid scars, suggesting that TWIST1 may 

also be a therapeutic target in keloid disease. TWIST1 is expressed by approximately one 

third of the fibroblasts within the keloid mass, and in the overlying papillary dermis, although 

it is also expressed in approximately 10% of the fibroblasts in normal dermis and normal scar, 

pointing to a physiological role.  Increased TGF-ß activity is well-documented in keloid 

disease, so it seems likely that expression of TWIST1 and TGF-ß are linked in keloid 

pathogenesis. However, TWIST1 expression can also be induced by inflammatory cytokines 

such as interleukin 6 (IL6) or tumour necrosis factor α (TNFα) (266, 285, 286).  Inflammatory 

infiltrates have been widely reported in keloid scars and may be involved in maintaining the 

keloid microenvironment (89, 168).  The precise mechanism of TWIST1 induction in keloid 

therefore warrants further investigation. 
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Increased TWIST1 expression in keloid scars is associated with increased expression of 

BMI1, a downstream target of TWIST1. BMI1 increases self-renewal and stem cell 

characteristics by repressing genes associated with senescence (284). Given we find 

negligible expression of BMI1 in fibroblasts in normal skin or normal scar, TWIST1-induced 

BMI1 may help explain the persistence of self-renewing cells within the keloid scar and the 

reduced ability of keloid scars to resolve through normal senescence processes. 

In contrast, we did not observe increased αSMA within keloid lesions (although αSMA was 

readily detected elsewhere in the same tissue sections, such as in smooth muscle cells 

surrounding arterioles). This contrasts with the findings reported for TWIST1 positive 

fibroblasts from SSc patients in vitro – and indeed in our hands, fibroblastic cell lines derived 

from both normal and pathological tissue frequently express αSMA in vitro.  However, the lack 

of αSMA expression by TWIST1 positive fibroblasts within keloid in vivo suggests TWIST1 

induces BMI1 expression in keloid lesions but not the αSMA associated with myofibroblasts, 

in contrast to what is proposed in SSc (266). 

Our finding of increased nuclear ß-catenin in keloid scars points to potential interactions 

between TGF-ß and Wnt pathways that may be involved in regulating TWIST1 expression. 

Wnt signalling is transduced by β-catenin, which translocates to the nucleus where it binds to 

the nuclear transcription factor lymphoid enhancer-binding factor/T-cell-specific factor 

(LEF/TCF) and subsequently regulates the transcription of many target genes, including 

TWIST1 (275-278). Several recent studies revealed the potential role of the Wnt signalling 

pathway in aberrant wound healing and fibrogenesis (279-281), and the Wnt pathway has 

been reported to be upregulated in keloid scarring (129-131, 133). There is also evidence that 

the canonical Wnt/β-catenin pathway is necessary for TGF-ß induced fibrosis (282). Hence, 

our finding of increased nuclear ß-catenin in keloid scars suggests interactions between Wnt 

signalling, the TGF-ß pathway and TWIST1. 

Interestingly, in our study cultured fibroblasts from healthy skin and from keloid scars express 

similar levels for TWIST1 in vitro. These data are in contrast to Palumbo-Zerr et al.’s work 
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where elevated TWIST1 expression from SSc fibroblasts is maintained during culture (266). 

This suggests that in vitro culture may affect TWIST1 expression in fibroblasts isolated from 

normal skin.  Due to these changes in TWIST1 expression in vitro, data comparing cultured 

fibroblasts derived from keloid and normal skin should be interpreted with care as they may 

not represent differences present in situ, and correspondingly differences in situ may be 

absent in vitro.  Furthermore, cytokines TGF-β1 and IL-6, and Wnt ligands, Wnt5a and Wnt3a, 

did not enhance TWIST1 expression in fibroblasts in vitro in contrast to previous publications 

(266, 277, 285). This discordance of data may be attributed to investigation of TWIST1 

expression at different time points. For instance, Palumbo-Zerr et al. showed that the maximal 

increase in TWIST1 expression in fibroblasts is 3 h after stimulation with TGF-β, while we 

assessed TWIST1 expression at 48 h (266). Besides this, the study by Palumbo-Zerr et al. 

used a polyclonal antibody to detect TWIST1 expression. This may also be responsible for the 

differences in findings between theirs and our study as the polyclonal antibody may be less 

specific for TWIST1 due to a higher chance of cross-reactivity.  

We hypothesised that TWIST1 upregulation in cell culture is due to serum supplementation of 

cell culture media, which drives the constant proliferation of the cells in vitro. However, our 

data imply that TWIST1 is expressed in cultured fibroblasts independent of serum 

supplementation and cell proliferation. This suggests that another component in cell culture 

media is driving TWIST1 expression in fibroblasts in vitro. Hence, further investigation is 

required into the regulation of TWIST1 expression in vitro, for example by trialling different cell 

culture media and assessing TWIST1 expression at each passage.  

Interestingly, we did observe heterogeneous expression of αSMA in keloid and normal skin 

fibroblasts in vitro, where some cells were positive for αSMA while others lack expression of 

αSMA.  Expression of αSMA is regulated by cell density as fibroblasts seeded at low density 

produce an αSMA-rich cell population once confluent, while there are less αSMA positive cells 

when seeded at high density (287). Furthermore, passaging of αSMA positive cell populations 

leads to loss of αSMA expression by the fibroblasts. This is consistent with our findings where 
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αSMA expression increased after 2 weeks of culture especially in confluent fibroblasts cultured 

in media supplemented with serum with the highest number of αSMA positive cells in the cell 

population cultured in DF10. Moreover, TGF-β1 and Wnt3a via TGF-β1 signalling have been 

shown to induce αSMA expression in vitro (288, 289).  Our data also revealed a significant 

increase in the percentage of αSMA positive cells when treated with TGF-β1. However, overall 

no differences in αSMA expression between keloid and normal skin fibroblasts were detected. 

Overall, this discordance of TWIST1 and αSMA expression between keloid cells in vivo and 

in vitro highlights the limitations of in vitro research discussed in the previous chapters. We 

have shown differences in expression for TWIST1 between keloid scar and normal skin in 

vivo, which are lost by in vitro culture as all cultured fibroblasts showed expression of TWIST1. 

Additionally, our data reveal that keloid fibroblasts are negative for αSMA in vivo while αSMA 

expression is upregulated in fibroblasts in vitro. Together with the functional data from 

Chapter 4 and the RNA sequencing data from Chapter 5 this proves that while there are major 

differences between keloid fibroblasts and normal skin fibroblasts in vivo, most of these 

differences are obliterated by in vitro culture.  

Currently, there is no single effective treatment regime for keloid scars (290). Treatment most 

commonly revolves around intralesional injection of steroid. Combination treatment strategies 

have been shown to be the most effective at decreasing the recurrence rate, meaning that 

steroids are commonly combined with any number of additional therapies, potentially including 

surgical excision or debulking, active scar management with pressure garments or silicone 

sheeting and radiotherapy in recalcitrant cases (290, 291).  

Our data suggest TWIST1 may be a new therapeutic target in keloid.  It is also a target in 

cancer therapy (292-294), where TWIST1 gene silencing can induce a senescent phenotype 

in cancer cells (292, 293), so effective TWIST1 inhibitors may become available for trial in 

keloid scarring. Wnt/β-catenin signalling may also be targetable in keloids, given recent 

progress developing small molecule inhibitors and antibodies that specifically target this 

pathway at different levels (295-298). Better understanding the precise mechanism of TWIST1 
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and BMI1 induction in keloid scarring will allow more targeted therapeutic approaches to be 

tested in clinical trials, including combination therapies with new agents.  

In conclusion, we have shown that the transcription factor TWIST1, the TWIST1 downstream 

target BMI1 and the potential TWIST1 inducer active β-catenin are upregulated in the dermis 

of keloid tissue compared to normal scar and normal skin. However, further investigation of 

this potential new pathway of keloid pathogenesis is required as normal skin and keloid 

fibroblasts both revealed TWIST1 expression in vitro. These data reveal new molecular 

pathways that are likely to be involved in keloid pathogenesis and may prove therapeutically 

tractable. 
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 Discussion 

It is well known that mesenchymal cells are a heterogeneous mix of cell populations; however, 

their distinct functional identities remain uncertain. This thesis aimed to understand the role of 

different mesenchymal cell populations in human skin in health and disease, specifically in 

keloid scarring. 

In this study, we have developed a highly advanced 15-colour flow cytometry panel of markers 

enabling us to analyse mesenchymal cell populations from fresh uncultured human dermis 

and keloid scar. This allows us to study their true in vivo phenotype in contrast to cultured 

cells, which can change their phenotypes once grown in vitro.  The developed panel also has 

wider applicability to study mesenchymal cells in other tissues such as adipose tissue or in 

other diseases such as melanoma. 

Using the advanced flow cytometry panel from above, a distinct population of CD26+ FAP+ 

fibroblasts was identified in healthy human dermis and keloid scar. Multicolour 

immunofluorescence microscopy revealed that these cells are the main cellular component of 

keloid lesions. Furthermore, our next-generation RNA sequencing data has shown that the 

CD26+ FAP+ fibroblasts drastically increase expression of ECM related genes, expression of 

MMPs and genes related to the Wnt signalling pathway in keloid scarring compared to healthy 

skin. 

Moreover, CD271+ mesenchymal cells were identified in healthy human dermis and in keloid 

scar by flow cytometry, with increased cell numbers in keloid samples compared to healthy 

controls.  Multicolour immunofluorescence microscopy revealed that these CD271+ cells are 

located in the perivascular space surrounding blood endothelial cells and CD146+ pericytes, 

which can also express CD271. RNA sequencing exposed expression of genes associated 

with angiogenesis and cell recruitment in keloid-derived CD271+ cells. 
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Our results from multicolour flow cytometry and RNA sequencing also demonstrated the 

phenotypic and functional similarities of keloid fibroblasts and normal skin fibroblasts once 

grown in culture. Functional in vitro assays of keloid and normal skin fibroblasts confirmed no 

differences in proliferation rates and migration potential. However, we have shown that the 

definitive characteristic of keloid fibroblasts, being increased invasiveness, compared to 

fibroblasts from normal skin, remained after the fibroblasts had been cultured. These findings 

have significant implications for research studies using cultured fibroblast cell lines.  

Finally, we have identified upregulation of the transcription factor TWIST1 as well as 

associated proteins such as senescence repressor BMI1, and the potential TWIST1 inducer 

β-catenin, to be overexpressed in keloid tissue compared to normal skin and normal scar 

tissues. This may identify a novel molecular pathway involved in keloid pathogenesis. 

This chapter will further discuss our findings, their implications for keloid formation and 

treatment, as well as strengths and limitations of this study and future directions to continue 

this research. 

 

7.1. Mesenchymal cellular players in keloid pathogenesis 

Fibroblasts are a heterogeneous population of cells in the dermis playing a crucial role in 

wound healing and scarring, with their main function being the deposition and maintenance of 

ECM. Due to the lack of specific markers to distinguish between the different subsets, the 

individual phenotypes, characteristics and functions of fibroblast subsets remain poorly 

understood. Recently, Rinkevich et al. described the dipeptidyl peptidase CD26 as a marker 

for distinct fibroblast lineage in skin, which is responsible for the ECM production during wound 

healing, radiation-induced fibrosis, and during a melanoma-associated stromal response in 

mice (93). Genetic ablation of this cell lineage significantly reduced ECM deposition and 

cutaneous fibrosis during wound healing, and in cutaneous melanoma confirming the 

fibrogenic potential of this fibroblast lineage (93). 
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In this thesis, we have identified for the first time a distinct CD90+ human fibroblast population 

expressing CD26 as well as the related endopeptidase FAP in dermis and in keloid scars. 

Consistent with the findings in mice by Rinkevich and colleagues (93), we have shown that 

this CD26 expressing population drastically increases expression of ECM genes in keloid 

scarring.  Interestingly, a recent study found that CD26 is expressed at much lower levels in 

oral mucosal fibroblasts from gingiva than in skin fibroblasts in humans (299). Oral mucosal 

fibroblasts are thought to have distinct regenerative potential similar to fetal skin fibroblasts 

leading to rapid and scarless wound healing (300). Together with our data, this suggests that 

the CD26+ FAP+ fibroblast population may be a critical cellular player in pathological keloid 

scar formation by producing excessive amounts of ECM, characteristic of keloid scarring. 

In addition to ECM production, we also found that CD26+ FAP+ fibroblasts express elevated 

levels of several MMPs. MMPs are involved in multiple processes affecting tissue fibrosis 

(301). While a key role of MMPs is thought to be remodelling and maintaining the ECM, they 

also have immunomodulatory functions by regulating the activity of multiple cytokines (301). 

Hence, the role of MMPs expressed by CD26+ FAP+ keloid fibroblasts remains to be 

investigated. Potential functions include increased invasiveness of CD26+ FAP+ keloid 

fibroblasts, by degrading ECM they may allow invasion into the ECM surrounding the wound 

boundaries, a defining characteristic of keloid scars.  Simultaneously they express excessive 

amounts of ECM molecules, producing the raised scar, characteristic of keloid. CD26+ FAP+ 

keloid fibroblasts may also be involved in regulating the inflammatory keloid microenvironment 

driving the excessive fibrosis in keloid scars by secreting MMPs. 

The current understanding is that fibroblasts are one of the key cell types involved in keloid 

formation; however, there are still tremendous gaps in the knowledge of the pathogenesis 

underlying keloid scarring, which leads to insufficient treatment options and high recurrence 

rates. Understanding the contribution of specific fibroblast populations to keloid scarring may 

offer novel, targeted treatment strategies. For example, inhibition of CD26 also known as 

DPP4 has been a recent therapeutic target for treating fibrotic conditions (302).  Inhibition of 
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CD26 peptidase activity using diprotin A leads to slower healing wounds and reduced scar 

sizes compared to controls in mice (93). Furthermore, Thielitz et al. showed that the inhibitors 

of CD26-like activity Lys[Z(NO2)]-thiazolidide and Lys[Z(NO2)]-pyrrolidide, decrease 

proliferation, TGF-β1 expression and collagen secretion in fibroblasts from healthy human skin 

and from keloid scars in vitro. The same CD26 inhibitors also suppressed TGF-β1-induced 

skin fibrosis in a mouse model revealed by reduced dermal thickness and decreased collagen 

type 1 and αSMA expression (141). In a different study, inhibition of CD26/FAP activity using 

the irreversible inhibitor H2N-Gly-Pro diphenylphosphonate had no effect on the expression 

levels of procollagen type I C-terminal peptide and fibronectin. Similarly, the secretion of 

different growth factors and cytokines including fibroblast growth factor (FGF), VEGF, IL-6, IL-

8 and MCP-1 by skin and keloid fibroblasts was unchanged in vitro (142). However, the same 

inhibitor reduced the invasion potential of keloid fibroblasts (142). This suggests that CD26 

and/or FAP may play a key role in mediating invasiveness observed in keloid scarring.  Some 

CD26/DPP4 inhibitors such as sitagliptin, saxagliptin, linagliptin, and alogliptin are already 

FDA approved drugs for the treatment of type 2 diabetes however, their clinical efficacy for 

the treatment of excessive scarring in keloids remains to be elucidated. A randomised clinical 

trial (NCT02742233) showed that treatment with DPP4 inhibitors improves wound healing in 

type 2 diabetes patients with ulcers (303). This indicates that DPP4 inhibitors may indeed be 

clinically efficient to improve wound healing and scarring. However, DPP4 inhibitors are 

currently used as antihyperglycemic agents due to their impact on metabolic hormone levels 

and may also affect kidneys and the cardiovascular system (304-306). Therefore, local 

administration of DPP4 inhibitors for keloid treatment may be more viable to minimise systemic 

effects. Ultimately, CD26+ FAP+ fibroblasts may provide a novel therapeutic target for keloid 

treatment by targeting CD26 and FAP enzymatic activity. Clinical investigation into the effect 

of CD26/DPP4 inhibitors on keloid scarring will provide further insight into this potential 

treatment approach. 

CD26+ FAP+ fibroblasts may also provide novel treatment strategies for keloid scarring by 
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targeting signalling pathways specifically upregulated in these cells. We have shown 

modulated expression of several components of the Wnt signalling pathway including 

upregulation of WNT5A expression in CD26+ FAP+ keloid fibroblasts compared to normal 

skin. The Wnt signalling pathway plays a central role in skin homeostasis and regeneration 

and is thought to regulate the cellular identity of different fibroblast subsets (94, 281, 307). 

Lichtenberger et al. showed that epidermal activation of Wnt signalling remodels the dermis 

in mice through epidermal Hedgehog and TGF-β signalling, influencing papillary and reticular 

dermal fibroblasts, respectively (307). Furthermore, stabilisation of β-catenin in reticular 

fibroblasts in mice causes fibrosis of the skin by preventing their differentiation into adipocytes 

(281). There is recent evidence that Wnt/β-catenin signalling is also involved in the formation 

of keloid scars. We and others have shown that β-catenin expression is significantly 

upregulated in keloid tissue (129, 130). Additionally, Igota et al. found increased Wnt5a 

expression in keloid fibroblasts in situ and in vitro, suggesting involvement of Wnt5a in keloid 

pathogenesis (129).  Similarly, we provide evidence for enhanced WNT5A expression in keloid 

CD26+ FAP+ fibroblasts by RNA sequencing implying that this fibroblast subset plays a crucial 

role for the Wnt signalling in keloid scarring. Overall, these data suggest the Wnt signalling 

pathway in CD26+ FAP+ keloid fibroblasts as a potential therapeutic target for keloid 

treatment. A recent paper showed that WR-1, a small molecule inhibitor targeting Wnt/β-

catenin signalling by inhibiting tankyrase leading to degradation of β-catenin, decreased 

proliferation, migration and procollagen type 1 secretion in both normal skin and keloid 

fibroblasts in vitro (247). Taken together, further investigation into the exact mechanisms of 

the Wnt signalling in CD26+ FAP+ keloid fibroblasts may provide targets for novel treatment 

strategies for keloid scars.  

Although TGF-β is thought to be a key mediator in keloid pathogenesis, our results revealed 

that neither CD26+ FAP+ fibroblasts nor the CD271+ mesenchymal cells are the cellular 

sources for the elevated TGF-β levels in keloid scarring. However, the gene signature of 

CD26+ FAP+ keloid fibroblasts is clearly stimulated by TGF-β signalling. This suggests that 
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other cell populations in the human dermis are responsible for the increased TGF-β signalling 

in keloid scars. These may be different fibroblast populations stimulating expression of TGF-

β target genes in CD26+ FAP+ fibroblasts through paracrine signalling. Alternatively, we 

hypothesise that immune cell infiltrates in keloid scars may cause the increase in TGF-β 

expression levels. Bagabir et al. have revealed a significant increase of T cells, B cells and 

alternative activated macrophages (M2) in keloid tissue with some tissues showing the 

presence of organised immune cell aggregates similar to tertiary lymphoid organs (168). 

Alternatively activated macrophages were the main macrophage population found in keloid 

tissue and are thought to play a crucial role in fibrosis by secretion of inflammatory cytokines 

such as TGF-β (168, 308, 309). On the other hand, T lymphocytes may also be contributing 

to elevated TGF-β levels in keloid scars. For example, cell supernatants from TGF-β 

expressing CD4+ T cells from burn patients with hypertrophic scars increased collagen 

production, proliferation and αSMA expression in dermal fibroblasts in hypertrophic scars 

(310). Interestingly, our data suggest in addition to activation of TGF-β as upstream regulator 

of CD26+ FAP+ fibroblasts that these cells are also in an environment where inflammatory 

cytokines such as TNF, IFNγ and IL-1β are reduced in keloid scarring. These findings 

contradict the previous understanding of keloid scarring as an inflammatory condition (53). 

However, our results fit with the widely known immunological concept that inflammatory 

cytokine expression can be suppressed by TGF-β shifting the cytokine balance from pro-

inflammatory to anti-inflammatory (311). This is most likely mediated by Tregs and 

macrophages polarised towards an immunosuppressive phenotype, which both have already 

been identified in keloid lesions although the literature surrounding Tregs in keloid scarring is 

inconsistent (168, 173, 176). Thus, these compelling findings demand further investigation to 

determine which immune cell subsets may be responsible for the upregulation of TGF-β and 

the potential suppression of inflammatory cytokines driving the pathogenic gene signature of 

CD26+ FAP+ fibroblasts in keloid pathogenesis, as well as whether pro-inflammatory agents 

may be effective for keloid treatment. 



Chapter 7 

204 
 

Furthermore, our data provide evidence that fibroblasts are not derived from keratinocytes via 

the process of EMT as some of the literature suggests (137-139). We have shown that CD26+ 

FAP+ fibroblasts as the main fibroblast population in keloid lesions have a clear counterpart 

of CD26+ FAP+ fibroblasts in healthy human dermis, which are most likely their origin rather 

than keratinocytes. Similarly, we have shown that the transcription factor TWIST1, which is 

well known as an inducer of EMT, can be expressed by mesenchymal cells throughout the 

dermis in both healthy human skin and in keloid scars. This indicates that TWIST1 is involved 

in the regulation of the mesenchymal tissue response of fibroblasts in keloid scarring 

independent to EMT similarly as described in Systemic Sclerosis (266). 

In addition to this, we hypothesise that the CD271+ cells identified in this study may be 

involved in the chronic inflammatory state of keloid scars. We report for the first time an 

increase of CD271+ cells located in the perivascular space in keloid scars compared to healthy 

human dermis. Moreover, our RNA sequencing data demonstrated successful isolation of a 

CD271+ pericyte cell population by revealing gene expression of perivascular markers 

including αSMA and collagen type 4 of the vascular basement membrane. However, it 

appears that the isolated cell population may unfortunately have also contained CD271+ 

CD146+ pericytes in addition to the targeted CD271+ CD146- mesenchymal cells as MCAM, 

which transcribes CD146, was also found to be expressed. Nevertheless, this study provides 

novel knowledge of pericyte subsets in keloid scarring, which have not yet been investigated 

despite the growing interest in pericyte function in health and disease. For instance, in addition 

to the increase in numbers of CD271+ cells in keloid scars, our data revealed expression of 

genes encoding chemokines including CCL2 and CCL19 as well as the SDF-1 receptor 

CXCR4 in CD271+ keloid cells. Pericytes have immunological functions such as leukocyte 

recruitment and regulation of leukocyte transmigration as well as inflammation-associated 

angiogenesis (312). Thus, the enhanced perivascular population of CD271+ cells in keloid 

scarring may contribute to keloid pathogenesis by attracting leukocytes to sites of 

inflammation. However, further research is required to investigate the exact functions of these 
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cells in keloid formation and whether modulation of the immunological function of CD271+ 

mesenchymal cells may provide a more targeted treatment strategy for keloid scarring. 

 

7.2. Transcription factor TWIST1 is a potential new driver in keloid 

formation 

Emerging evidence has revealed the role of the transcription factor TWIST1 in fibrotic diseases 

of different organs (313). TWIST1 is an important regulator of the process of EMT, which is 

implicated in fibrosis of different tissues (313). However, a recent publication demonstrated 

that TWIST1 plays a key role in skin fibrosis in patients with systemic sclerosis independent 

of EMT (266).  TWIST1 is upregulated in fibroblasts in a TGFβ/ SMAD3-dependent manner 

inducing fibroblast activation by amplifying TGFβ signalling via p38 (266). In accordance to 

this, we have shown that there is increased TWIST1 expression by fibroblasts in keloid tissue 

compared to normal scar and normal skin tissues. Furthermore, we found that the expression 

of the TWIST1 downstream target BMI1 is also elevated in keloid tissue. TWIST1 expression 

may be upregulated by TGF-β (266), already known to be highly upregulated in the keloid 

microenvironment, or by the Wnt/ β-catenin pathway (275, 277). We have shown that activated 

β-catenin is upregulated in keloid tissue as well as increased expression of the genes 

encoding Wnt2 and Wnt5a in CD26+ FAP+ keloid fibroblasts. Overall, this suggests that 

TWIST1 signalling may play a central role in the excessive fibrosis in keloid scarring similar to 

systemic sclerosis. Thus, TWIST1 and its signalling pathway may be a novel therapeutic target 

for the treatment of keloid scars as well as other fibrotic conditions such as systemic sclerosis 

for instance by TWIST1 inhibitors such as the recently discovered harmine (314). 

However, as only a fraction of cells expresses TWIST1 and BMI1, it remains to be determined 

which mesenchymal cell subset is expressing TWIST1. Analysis of our RNA sequencing data 

found no significant difference in expression of TWIST1 and BMI1 between normal skin and 

keloid CD26+ FAP+ fibroblasts (data not shown). This indicates that either a different fibroblast 
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subset may be the TWIST1 expressing cells observed in situ, or more likely, that post-

transcriptional modification of TWIST1 and BMI1 leads to stabilisation of protein levels in 

keloid fibroblasts (315-317). For instance, TWIST1 and BMI1 protein levels can be regulated 

by post-translational modifications such as phosphorylation or ubiquitination, which either lead 

to their stabilisation or degradation (315-317). These are crucial mechanisms to enable rapid 

activation of the transcriptional programs of transcription factors such as TWIST1 and BMI1 

in response to external stimuli. However, further investigation into potential modifications of 

TWIST1 and BMI1 protein in keloid scarring is required. 

In vitro, we found all fibroblasts derived from normal skin and keloid scars express TWIST1, 

which hindered in vitro analysis of the potential mechanisms involved in TWIST1 expression 

in keloid fibroblasts. However, this also highlights together with our functional experiments and 

RNA sequencing data the discordance between in vivo and in vitro studies, which will be 

further discussed below. 

 

7.3. Limitations of in vitro studies of keloid scarring 

Due to the lack of an appropriate animal model, most keloid research is undertaken in cultured 

monolayers of fibroblasts derived from keloid lesions. However, we provide evidence for the 

limitations of studying keloid pathogenesis in fibroblasts in 2D monolayers in vitro. This study 

demonstrates the compelling phenotypic and functional similarities between cultured normal 

skin fibroblasts and keloid fibroblasts. Our data reveal that the gene expression and cell 

surface marker expression of fibroblasts are strikingly altered once the cells are taken out of 

their microenvironment and grown in cell culture media supplemented with FBS. This is in 

accordance with previous studies also providing evidence that keloid and skin fibroblasts are 

highly similar in vitro (149, 227). In particular, our RNA sequencing data demonstrates the 

similarity of cultured fibroblasts from healthy human skin and from keloid scars by presenting 

minimal differential gene expression. This is in contrast to our comparison of uncultured 
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CD26+ FAP+ fibroblasts population directly isolated from ex vivo human dermis and keloid 

tissue where we found a significant differential gene expression between keloid and normal 

skin-derived cells. Furthermore, it appears that functional characteristics of keloid cells are 

also lost in culture. In fact, functional assays of this study revealed that only differences in cell 

invasion were maintained in culture when fibroblasts were embedded in a 3D collagen matrix 

with keloid fibroblasts invading collagen significantly faster than normal skin fibroblasts. In 

addition, in situ and in vitro studies of TWIST1 revealed that major differences between cells 

in vivo are obliterated in culture as we demonstrated a major discrepancy between TWIST1 

and αSMA staining of keloid fibroblasts in keloid tissue and in vitro. In particular, αSMA staining 

demonstrated this with a lack of αSMA expression on keloid fibroblasts in vivo while αSMA 

expression can be switched on in keloid fibroblasts in vitro. This suggests, in contrast to some 

of the keloid literature, that myofibroblasts do not play a role in keloid scarring and that αSMA 

expression in cultured keloid fibroblasts is due to cell culture conditions rather than a 

pathological feature. Based on these findings, we conclude that more comprehensive in vitro 

models are required to study keloid formation as the current methods using cultured cell lines 

do not represent the in vivo keloid microenvironment. 

In summary, the lack of adequate keloid models may be responsible for the gaps in our 

knowledge of the molecular and cellular mechanisms leading to keloid formation. Keloid scar 

biology is complex and multiple cell populations are involved in the formation of keloid scars. 

Thus, the development of improved in vitro keloid scar models is desirable, for instance by 

trialling different co-cultures including immune cells from keloid patients, keloid keratinocytes 

and fibroblasts within a collagen matrix to resemble a closer imitation of the in vivo 

microenvironment. 

 

 



Chapter 7 

208 
 

7.4. Strengths and limitations 

The main strength of this thesis is the use of highly advanced techniques such as multicolour 

flow cytometry and next-generation RNA sequencing to assess the mesenchymal cell 

populations in healthy human dermis and keloid scars, as these techniques are not commonly 

used to study keloid disease. 

Furthermore, we used multicolour flow cytometry to study fresh uncultured samples from 

healthy human dermis and keloid scar. It is already well known that cell surface marker 

expression is altered during cell culture, in contrast to the in vivo microenvironment (200, 318). 

Our data confirm that this holds true for normal and keloid fibroblasts, for instance showing 

that in healthy human dermis fibroblasts are CD34+ while in culture expression of CD34 is 

lost. Thus the analysis of uncultured cells in this thesis is a better representation of the actual 

cell populations in vivo and therefore is more likely to yield more accurate and clinically 

relevant results than flow cytometric analysis of cultured cells. 

Similarly, a key strength of this thesis the ability to sort a pure population of uncultured cells 

by FACS rather than using whole tissue or cultured cells for RNA sequencing. Most keloid 

studies using microarrays or sequencing techniques analyse whole tissue samples or cultured 

cells. As above, cultured cells will drastically affect the gene expression profiles and therefore 

not represent the true in vivo phenotype of the various cell types present in keloid scar. Using 

whole tissue instead of purified cell populations may lead to dilution of gene signatures specific 

to the cells of interest, as the measured gene expression will be affected by other cells in the 

tissue such as immune cells and endothelial cells. 

However, there are also a number of limitations of this thesis.  Overall, the access to tissue 

samples was limited, affecting sample size and subsequently the power of findings. For each 

experiment, a minimum of three different donors per condition was used (unless stated 

otherwise). Nonetheless, this may not always reflect the biological variations occurring over 

the human population as a whole.  
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Furthermore, due to the clinical protocols of keloid excision, matched healthy control tissue 

was not available for this study. Therefore, we used normal scar tissue and normal skin tissue 

from different donors as controls. However, normal scar tissue samples were only able to be 

used for controls for immunofluorescence microscopy and not for any other experiments due 

to the small size of the samples. Furthermore, an additional suitable control tissue for the 

analysis of keloid scars would have been hypertrophic scar tissue. However, hypertrophic 

scars are not routinely excised and were therefore not available for this study. 

Due to the small cell numbers for CD271+ cells obtained by FACS from normal skin samples 

in Chapter 5, we were only able to sequence CD271+ cells derived from keloid scar and not 

from normal skin. Comparison to CD271+ cells from normal skin would have been beneficial 

in order to distinguish, which changes in gene expression occur in CD271+ cells from a healthy 

phenotype to the pathological state in keloid scarring.  Similarly, comparison of CD26+ FAP+ 

fibroblasts to CD26- fibroblasts may have provided crucial insights into the functional 

differences of distinct fibroblast populations. Unfortunately, limitations to sample numbers for 

RNA sequencing did not allow for this additional comparison.  Furthermore, for the comparison 

of cultured fibroblasts, all keloid samples were derived from male donors and all skin samples 

were derived from female donors. Ideally, samples should have been matched with the same 

gender avoiding any interference of gender effects on the data set. Unfortunately, this was not 

possible, given the limited donor availability.  Overall, the RNA sequencing data requires 

validation by assessing protein expression, functional assay or if necessary qPCR. 

In addition, analysis of TWIST1 expression in cultured fibroblasts was limited due to TWIST1 

being expressed by fibroblasts in vitro in contrast to our in vivo findings, where only a fraction 

of normal skin and keloid cells express TWIST1. Moreover, trialling different culture conditions 

did not modulate TWIST1 expression in fibroblasts in vitro, which impeded the investigation of 

the potential drivers of TWIST1 upregulation in keloid scarring. Overall, this also highlights the 

phenotypic and functional discrepancy between fibroblasts in vivo and under the influence of 

cell culture revealed in the other chapters. 



Chapter 7 

210 
 

7.5. Future directions 

Future research will include the validation of our findings by RNA sequencing. CD26+ FAP+ 

cells from healthy skin and keloid scars will be assessed for protein expression by 

immunofluorescence microscopy in situ and gene expression by qPCR of key target genes 

including collagens, Wnt signalling proteins and MMPs revealed by differential gene 

expression analysis. Functional in vitro assays of sorted CD26+ FAP+ fibroblasts will 

investigate any differences in collagen production, proliferation, migration and invasion rates 

between the population from keloid scar and healthy skin that are maintained during culture.  

In addition to this, comparison needs to be made between CD26- fibroblasts and CD26+ FAP+ 

fibroblasts from healthy skin and keloid scar, to provide a deeper understanding of the distinct 

roles of different fibroblast subsets in health and disease. Overall, our RNA sequencing data 

provides excellent leads and directions for future research to improve our understanding of 

fibroblast populations in healthy dermis and in keloid pathogenesis. 

Furthermore, further investigation is required to confirm whether the sequenced CD271+ cell 

population was contaminated by CD146+ CD271+ pericytes. Additionally, functional 

assessment of proliferation, differentiation and studying the angiogenic behaviour (319) of 

sorted CD271+ cells from healthy skin and keloid scar will be performed in the next phase of 

this research. We hope this may reveal further insight into the functions of CD271+ 

mesenchymal cells in healthy dermis and keloid scarring. 

In regards to the role of the TWIST1 pathway in keloid scarring, staining of ID1 in keloid, 

normal scar and normal skin tissue remains to be validated, if possible by comparison of the 

staining pattern to another monoclonal antibody against ID1. Further exploration of TWIST1 

expression in cultured fibroblasts from healthy skin and keloid scars is of on-going interest. 

Examination of TWIST1 expression in fibroblasts after initial seeding and over multiple 

passaging as well as trialling different cell culture media compositions may reveal how 

TWIST1 expression is regulated by fibroblasts in vitro. 

Taken together, this research reveals novel cellular and molecular candidates which are 
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potential targets for new treatments in keloid scarring. The additional investigations and 

validation of the findings described above are required to progress this research along the 

pathway towards clinical translation. 

 

7.6. Conclusion 

There is a recent interest in comprehending the heterogeneity of fibroblast populations in skin 

and numerous studies are investigating the roles of different fibroblast subsets in health and 

disease. However, many studies examine fibroblast populations and lineages in mice rather 

than in human dermis and use cultured cell lines rather than fresh tissue samples. Our current 

knowledge still lacks a full understanding of the diversity of fibroblast subsets.  In this study, 

we have identified and characterised distinct mesenchymal cell populations in healthy human 

skin and keloid scarring. The results presented in this thesis not only describe their phenotype, 

localisation and function in healthy human dermis but also highlights changes occurring to 

these in the pathogenesis of keloid scarring. This study also provides insights into a potential 

new pathway upregulated in keloid scarring. Our findings provide a solid framework for future 

studies to improve our knowledge of the cellular and molecular players in keloid pathogenesis. 

Understanding the different contributions of mesenchymal cell populations to keloid scarring 

may lead to more targeted treatment strategies for keloid scarring and potentially other fibrotic 

skin diseases. 
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