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“Poets say science takes away from the beauty of the stars - mere globs of gas atoms. I too 
can see the stars on a desert night and feel them. But do I see less or more? The vastness of 

the heavens stretches my imagination – stuck on this carousel my little eye can catch  
one - million - year - old light. A vast pattern – of which I am a part… What is the pattern,  

or the meaning, or the why? It does not do harm to the mystery to know a little about it.” 

 

Richard Feynman





 

 

 

ABSTRACT 
 
Skin is our protective barrier against various environmental harms. For the skin to fulfill its 
crucial function, it relies on multiple cell types working in concert; but most importantly it 
relies on skin-resident epithelial stem cells. These cells ensure an intact barrier through constant 
replacement of the epidermis and they ensure proper hair production through cyclical 
regeneration of hair follicles. This combination of constant and cyclical renewal within one 
tissue makes skin a prime model system for the study of adult tissue stem cells. 

The overall aim of this thesis was to transcriptionally dissect this well-established model 
system in a systematic and unbiased way. The majority of data presented in this thesis is based 
on the combination of single-cell RNA sequencing and in situ stainings of mRNA. This 
combination allows us to appreciate the genome-wide transcriptional heterogeneity while still 
being able to place the identified cell populations in their spatial tissue context. 

In Paper I, the first whole-transcriptome study of skin at the single-cell level, we examined the 
vectors describing cellular heterogeneity within the epidermal compartment of mouse skin 
during its resting stage (telogen). 

In Paper II, we expanded on this analysis by including full-thickness skin during rest (telogen) 
and growth (anagen). This allowed for an unbiased census of all major cell types contained in 
the skin, and it furthermore enabled us to study how skin achieves and accommodates hair 
growth.  

In Paper III, we studied the role of dermal fibroblasts in early embryonic skin development. 
We uncovered unexpected heterogeneity among embryonic fibroblasts and explored their 
supportive functions for skin maturation. Moreover, we identified novel keratinocyte 
subpopulations and closely analyzed epidermal fate decisions. 

In Paper IV, we monitored transcriptional adaptations of two distinct epidermal stem cell 
populations during their contribution to wound healing. This allowed us to answer fundamental 
questions about stem cell plasticity and the dynamics of cell adaptations following injury. 

In sum, this thesis uncovers the dynamic and heterogeneous nature of mouse skin during adult 
tissue homeostasis, embryonic development, and tissue regeneration after injury. Most 
importantly, we provide new insights into how stem cell identity is shaped and how 
developmental as well as regenerative processes are orchestrated.  



SCIENTIFIC PAPERS INCLUDED IN THIS THESIS 
 

I. Simon Joost, Amit Zeisel, Tina Jacob, Xiaoyan Sun, Gioele La Manno, Peter 
Lönnerberg, Sten Linnarsson, and Maria Kasper. Single-cell transcriptomics 
reveals that differentiation and spatial signatures shape epidermal and hair 
follicle heterogeneity. Cell Systems 3, 3 (2016): 221-237. 
 

II. Simon Joost*, Karl Annusver*, Tina Jacob, Xiaoyan Sun, Tim Dalessandri, 
Unnikrishnan Sivan, Inês Sequeira, Rickard Sandberg, and Maria Kasper. The 
molecular anatomy of mouse skin during hair growth and rest. Cell Stem Cell 
26, 3 (2020): 441-457. 
 

III. Tina Jacob, Karl Annusver, Paulo Czarnewski, Tim Dalessandri, Maria Eleni 
Kastriti, Chiara Levra Levron, Beate Lichtenberger, Giacomo Donati, Åsa 
Björklund, and Maria Kasper. Fibroblasts govern the molecular design of 
early skin development. Manuscript. 
 

IV. Simon Joost, Tina Jacob, Xiaoyan Sun, Karl Annusver, Gioele La Manno, 
Inderpreet Sur, and Maria Kasper. Single-cell transcriptomics of traced 
epidermal and hair follicle stem cells reveals rapid adaptations during wound 
healing. Cell Reports 25, 3 (2018): 585-597.  
 
 
* These authors have contributed equally. 

 

  



 

 

ADDITIONAL SCIENTIFIC PAPERS 
NOT INCLUDED IN THIS THESIS 
 

I. Anja Füllgrabe, Simon Joost, Alexandra Are, Tina Jacob, Unnikrishnan 
Sivan, Andrea Haegebarth, Sten Linnarsson, Benjamin D. Simons, Hans 
Clevers, Rune Toftgård, and Maria Kasper. Dynamics of Lgr6+ progenitor 
cells in the hair follicle, sebaceous gland, and interfollicular epidermis. Stem 
Cell Reports 5, 5 (2015): 843-855. 
 

II. Ka-Wei Mok, Nivedita Saxena, Nicholas Heitman, Laura Grisanti, Devika 
Srivastava, Mauro J. Muraro, Tina Jacob, Rachel Sennett, Zichen Wang, 
Yutao Su, Lu M. Yang, Avi Ma’ayan, David M. Ornitz, Maria Kasper, and 
Michael Rendl. Dermal condensate niche fate specification occurs prior to 
formation and is placode progenitor dependent. Developmental Cell 48, 1 
(2019): 32-48. 
 

III. Xioayan Sun*, Alexandra Are*, Karl Annusver°, Unnikrishnan Sivan°, Tina 
Jacob, Tim Dalessandri, Simon Joost, Anja Füllgrabe, Marco Gerling, and 
Maria Kasper. Coordinated hedgehog signaling induces new hair follicles in 
adult skin. Elife (2020): 9:e46756. 
 

IV. Anton J.M. Larsson, Björn Reinius, Christoph Ziegenhain, Tina Jacob, Tim 
Dalessandri, Gert-Jan Hendriks, Maria Kasper, and Rickard Sandberg. 
Transcriptional bursts explain autosomal random monoallelic expression and 
affect allelic imbalance. PLoS Computational Biology 17, 3 (2021): 
e1008772 
 
 
* These authors have contributed equally.  
° These authors have contributed equally. 





 

 

CONTENTS 
1 INTRODUCTION ......................................................................................................... 1 

1.1 Skin as a model system for adult tissue stem cells .............................................. 1 
1.2 Skin anatomy ........................................................................................................ 2 
1.3 The epidermal compartment ................................................................................ 3 

1.3.1 Maintenance of the interfollicular epidermis .......................................... 3 
1.3.2 Epidermal stratification ............................................................................ 4 
1.3.3 Stem cell heterogeneity and plasticity in the resting hair follicle ........... 6 
1.3.4 The concept of stem cells and their niches .............................................. 7 

1.4 Hair cycling .......................................................................................................... 8 
1.5 Epidermal development ..................................................................................... 10 

1.5.1 Specification of epidermis and initiation of epidermal stratification .... 10 
1.5.2 Hair follicle development ...................................................................... 11 

1.6 Non-epidermal skin compartments .................................................................... 13 
1.6.1 Mesenchymal cells in the dermis and hypodermis ................................ 14 
1.6.2 Innervation & neural crest-derived cells ............................................... 16 
1.6.3 Vascularization ....................................................................................... 19 
1.6.4 Immune cells .......................................................................................... 22 

1.7 Cutaneous wound healing .................................................................................. 26 
1.8 Comparison of different mouse body sites ........................................................ 30 
1.9 Comparison of human and mouse skin .............................................................. 31 

2 METHODS .................................................................................................................. 33 
2.1 Single-cell RNA sequencing .............................................................................. 33 
2.2 Spatially resolved transcriptomics ..................................................................... 39 
2.3 Lineage tracing mouse models ........................................................................... 42 

3 KEY QUESTIONS OF THE APPENDED PAPERS ................................................ 45 
4 KEY RESULTS OF THE APPENDED PAPERS ..................................................... 47 

4.1 Paper I: Molecular heterogeneity of mouse skin during rest (Tissue 
homeostasis) ....................................................................................................... 47 

4.2 Paper II: Molecular heterogeneity of mouse skin during hair growth 
(Tissue homeostasis) .......................................................................................... 48 

4.3 Paper III: Molecular heterogeneity and dynamics of mouse skin during 
embryonic development (Morphogenesis) ........................................................ 50 

4.4 Paper IV: Molecular dynamics of mouse skin during wound healing 
(Tissue regeneration) .......................................................................................... 52 

5 CONCLUSIONS AND FURTHER DIRECTIONS ................................................... 55 
6 POPULAR SCIENCE SUMMARY ........................................................................... 57 
7 POPULÄR-WISSENSCHAFTLICHE ZUSAMMENFASSUNG ............................ 61 
8 ACKNOWLEDGEMENTS ........................................................................................ 65 
9 REFERENCES ............................................................................................................ 69 
 
  



LIST OF ABBREVIATIONS 
AGM Aorta, gonads, mesonephrons 

BBKNN Batch balanced k-nearest neighbors  

bDNA Branched DNA 

BMP Bone morphogenetic protein (cell signaling) 

CD Cluster of differentiation (cell signaling) 

cDNA Complementary DNA 

CRISPR Clustered Regularly Interspaced Short Palindromic Repeats 

DC Dendritic cell 

DETC Dendritic epidermal T cell 

DNA Deoxyribonucleic acid 

DWAT Dermal white adipose tissue 

E (e.g., E14.5) Embryonic day 

ECM Extracellular matrix 

EDA Ectodysplasin (cell signaling) 

EGF Epidermal growth factor (cell signaling) 

EGFP Enhanced green fluorescent protein 

EMP Erythro-myeloid progenitors 

EPU Epidermal proliferation unit 

FACS Fluorescence-activated cell sorting 

FAK Focal adhesion kinase (cell signaling) 

FGF Fibroblast growth factor (cell signaling) 

FISH Fluorescent in situ hybridization 

HCR Hybridization chain reaction 

HGF Hepatocyte growth factor (cell signaling) 

HSC Hematopoietic stem cell 

HVG Highly variable gene 

IFE Interfollicular epidermis 

IL Interleukin (cell signaling) 

IRES Internal ribosome entry site 

IRS Inner root sheath 



 

 

ISH In situ hybridization 

ISS In situ sequencing 

KGF Keratinocyte growth factor (cell signaling) 

kNN k-nearest neighbors 

LTMR Low-threshold mechanoreceptors 

MDP Macrophage and dendritic cell progenitors 

MHC Major histocompatibility complex (cell signaling) 

NF-kB Nuclear factor ‘kappa-light-chain-enhancer’ of activated B 
cells (cell signaling) 

ORS Outer root sheath 

P (e.g., P5) Postnatal day 

PCA Principal component analysis 

PCM Panniculus carnosus muscle 

PCR Polymerase chain reaction 

PDGF Platelet derived growth factor (cell signaling) 

PPAR Peroxisome proliferator-activated receptor (cell signaling) 

PSU Pilosebaceous unit 

RCA Rolling circle amplification 

RNA Ribonucleic acid 

RT Reverse transcription 

scRNA-seq Single-cell RNA sequencing 

SG Sebaceous gland 

SHH Sonic Hedgehog (cell signaling) 

smFISH Single-molecule fluorescent in situ hybridization 

SNP Single nucleotide polymorphism 

SWAT Subcutaneous white adipose tissue 

t-SNE t-distributed stochastic neighbor embedding 

TAZ WW domain-containing transcription factor (cell signaling) 

TGF Transforming growth factor (cell signaling) 

TMX Tamoxifen 

UMAP Uniform manifold approximation and projection 



UMI Unique molecular identifier 

VEGF Vascular endothelial growth factor (cell signaling) 

WIHN Wound-induced hair neogenesis 

WNT Wingless and Int-1 (cell signaling) 

YAP Yes-associated protein (cell signaling) 

 



 

 1 

1 INTRODUCTION 
1.1 SKIN AS A MODEL SYSTEM FOR ADULT TISSUE STEM CELLS 

The skin is the largest organ of the mammalian body. As the outermost barrier, it offers 
protection against the external environment including ultraviolet radiation, physical trauma, 
and pathogens. At the same time, it limits transcutaneous water loss and ensures 
thermoregulation and insulation. To ensure tissue integrity and functionality, skin cells have to 
be constantly replaced by adult tissue stem cells [reviewed in (Fuchs, 2007; Hsu et al., 2014a)]. 

The existence of adult tissue stem cells was first proven by Till, McCulloch and others in the 
1960s when they identified the hematopoietic stem cell that maintains the entire blood-lineage 
throughout a lifetime (Becker et al., 1963; Till and McCulloch, 2012). In the meantime, adult 
tissue stem cells have been identified in many organs including the brain (Altman and Das, 
1965; Temple, 1989), intestine (Barker et al., 2007; Bjerknes and Cheng, 1999), mammary 
gland (Kordon and Smith, 1998; Smith and Medina, 1988), and skin (Potten and Morris, 1988) 
including hair follicles (Cotsarelis et al., 1990; Rochat et al., 1994; Tumbar et al., 2004). 

While the traditional, hematopoietic stem cell-derived adult tissue stem cell paradigm is based 
on rare, quiescent stem cells, many years of research have uncovered that tissue stem cells 
constitute heterogenous populations that can include rare or abundant, quiescent or cycling, 
symmetrically or asymmetrically dividing cells which moreover display varying self-renewing 
capacities. However, they are all unified by their functional ability to maintain tissue 
homeostasis and to restore tissue integrity after injury [reviewed in (Clevers, 2015)]. 

For stem cells to meet the needs of a tissue, the processes of self-renewal and differentiation 
have to be tightly controlled. This regulation relies on extracellular cues which are discussed 
further in 1.3.4 The concept of stem cells and their niches, as well as intracellular mechanisms 
including the portioning of cytoplasmic determinants among daughter cells, transcriptional 
regulation through a network of transcription factors, post-transcriptional regulation, and 
epigenetic regulation at the level of chromatin [reviewed in (Barresi and Gilbert, 2020)]. 

The skin with its hair follicles and interfollicular epidermis is particularly suited to the study of 
adult tissue stem cells – not just because of their unique accessibility for investigation. The 
interfollicular epidermis represents a stereotypic stratified tissue with the constant replacement 
of post-mitotic suprabasal cells by proliferating basal cells. In contrast, the hair follicles 
undergo cyclical renewal including sequential phases of growth (termed ‘anagen’), regression 
(termed ‘catagen’) and rest (termed ‘telogen’), that makes it possible to study the regulation of 
stem cell quiescence and activation in the context of a complete mini-organ. Furthermore, the 
hair follicle displays a well-defined, compartmentalized anatomy with epithelial and 
mesenchymal compartments as well as distinct stem cell populations that differ in their 
location, morphology, molecular markers, and function [reviewed in (Mesa et al., 2015a)]. 
Finally, it has been proven that the mechanisms and signaling pathways identified in the skin 
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are conserved among many other tissues [reviewed in (Cunha and Hom, 1996; Ribatti and 
Santoiemma, 2014)]. 

This thesis describes the systematic analysis of this well-established model system for adult 
tissue stem cells using single-cell transcriptomics. Notably, the papers included in this thesis 
are based on mouse skin, which is also the focus of the introductory chapter. While mouse skin 
is a valid model for human skin, there are important differences that will be discussed in section 
1.9 Comparison of human and mouse skin. 

1.2 SKIN ANATOMY 

Skin can be subdivided into three main compartments: the epidermis and the underlying, 
supportive dermis and hypodermis (Figure 1A). The epidermis and dermis are separated by the 
basement membrane, a sheet of fibers that is rich in collagens (particularly type 4 and 17), and 
laminins [reviewed in (Hsu et al., 2014a)]. 

Figure 1: Anatomy of mouse skin (A) and the telogen hair follicle (B) [adapted from (Joost, 2019)] 

The epidermis consists of specialized epithelial cells, so-called keratinocytes, that build the 
multi-layered outer skin barrier, as well as the hair follicles which produce hair, and the 
sebaceous gland. Telogen hair follicles display a particular architecture containing the 
following compartments from distal to proximal (Figure 1B): (a) the infundibulum, which 
connects the interfollicular epidermis (i.e., the epithelial tissue in-between hair follicles; IFE) 
to the hair follicle, (b) the junctional zone, where the sebaceous gland opens into the hair canal, 
(c) the isthmus, the most narrow segment of the hair follicle, (d) the bulge, a two-layered 
structure containing post-mitotic cells as well as undifferentiated stem cells, and (e) the hair 
germ, being the connecting link to the stromal niche. Just below the hair germ there is the 
specialized dermal signaling center called dermal papilla, which is a condensation of 
mesenchymal cells and acts as a key component of the hair follicle-associated stromal niche. 
Notably, hair follicles in the skin are oriented in a uniform manner with dermal papillae always 
pointing in a rostral direction and hair shafts growing in a caudal direction [reviewed in (Hsu 
et al., 2014a)]. 
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Four different types of hair follicles exist in dorsal mouse skin (guard, awl, auchene, and zigzag 
hair follicles). While their gross anatomy is the same, they differ at the molecular level and the 
architecture of the produced hair shaft (Schlake, 2007). 

Besides the hair follicle, the pilosebaceous unit contains the sebaceous gland, which is a 
holocrine gland that produces sebum to lubricate and acidify the skin surface [reviewed in 
(Niemann and Horsley, 2012)]. The arrector pili muscle is a smooth muscle that attaches to the 
hair follicle bulge and can erect hair in a setting commonly known as ‘goose bumps’ (Müller-
Röver et al., 2001).  

Mouse skin also contains a number of other glands, such as eccrine sweat glands, lacrimal 
glands, and mammary glands [reviewed in (Dhouailly and Oftedal, 2016)]. 

In addition to the discussed epidermal components, skin heavily relies on the cellular and non-
cellular components of the underlying dermis and hypodermis. A plethora of non-epidermal 
cell types reside in the skin and support its function. The heterogeneity among those cells as 
well as the nature of their support to the epidermal compartment will be discussed in detail in 
section 1.6 Non-epidermal skin compartments. 

1.3 THE EPIDERMAL COMPARTMENT 

1.3.1 Maintenance of the interfollicular epidermis 

While it is well understood that basal keratinocytes are critical players for maintenance of the 
interfollicular epidermis, there are two major opposing views on how exactly mouse 
interfollicular epidermis is maintained: the hierarchical model, which assumes that rare, 
quiescent stem cells are hidden between the abundance of proliferative progenitors in the basal 
interfollicular epidermis, and the neutral competition model, which doubts the existence of one 
or more privileged, distinct stem cell populations in the interfollicular epidermis and instead 
proposes an equipotent pool of progenitor cells. 

The hierarchical model was originally proposed by Mackenzie and builds on a strict hierarchy 
of long-lived, slow-cycling stem cells that divide asymmetrically to generate a stem cell 
daughter and a transit-amplifying daughter, which eventually differentiates (Mackenzie, 1970). 
Potten built his theory of the ‘epidermal proliferative unit’ (EPU) on this hierarchical model. 
He posited that the epidermis is organized into hexagonal units, which are based on about ten 
basal cells with one central dormant stem cell per unit (Potten, 1974). Many years later Mascré 
et al. described that the basal layer of tail epidermis contains slow-cycling stem cells and fast-
dividing progenitor cells (Mascré et al., 2012). This model was later revisited by Sada et al. 
They came to the conclusion that instead of a stem cell and a progenitor population, there are 
two mutually independent stem cell populations that proliferate at different rates. They occupy 
different regions under homeostatic conditions (scale and interscale region, respectively), but 
can renew each other’s territory upon wounding or selective killing (Sada et al., 2016). 
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In contrast, the neutral competition model posits that basal epidermal progenitors all have the 
same potential, and that cell fate choice is a stochastic process. Cell divisions can result in two 
progenitor cells, a progenitor and a post-mitotic cell, or two post-mitotic cells that eventually 
differentiate and leave the basal layer of the epidermis. This model is linked to three major 
hallmarks: over time population asymmetry leads to an increase in the average clone size, a 
decrease in the number of clones, and a constant overall size of the progenitor population. The 
neutral competition model was first described by Clayton et al. in tail skin (Clayton et al., 
2007), and was later proven to hold true for ear skin (Doupé et al., 2010), paw skin (Lim et al., 
2013), dorsal skin (Füllgrabe et al., 2015), as well as other tissues such as the intestine (Snippert 
et al., 2010a) and esophagus (Doupé et al., 2012). Moreover, it seems like an equipotent 
keratinocyte population can even explain postnatal growth of tail and paw epidermis 
(Dekoninck et al., 2020). 

Regardless of the model that best describes interfollicular epidermis maintenance, basal 
keratinocytes have a number of features that are crucial for them to maintain their basal, 
undifferentiated identity. Their attachment to the basement membrane via hemidesmosomes is 
of utmost importance. This was reinforced by recent findings that basal keratinocytes 
expressing high levels of the hemidesmosome component COL17A1 have a competitive 
advantage and loss of COL17A1 with aging leads to skin atrophy and fragility (Liu et al., 2019). 
Moreover, basal keratinocytes actively contribute to the formation of the basement membrane 
via the secretion of basement membrane components such as laminins (mainly LAMA5) and 
integrins (mainly a3b1 and a6b4) (Fujiwara et al., 2011). Transcriptomic and epigenomic 
studies have furthermore revealed a gene signature that is important for the maintenance of 
basal identity. This signature includes a number of transcription factors (Zbed2, Etv4), 
signaling molecules (Wnt7b, Fgfr2), and cell adhesion molecules (Cdh3, Fat1, Dsg3), among 
others (Finnegan et al., 2019; Lim et al., 2013). 

1.3.2 Epidermal stratification 

The multi-layered interfollicular epidermis consists of four histologically and molecularly 
distinct layers (Figure 2): the basal layer (stratum basale), the spinous layer (stratum spinosum), 
the granular layer (stratum granulosum), and the cornified layer (stratum corneum). This 
stratification is fueled by proliferating progenitor cells in the basal layer, whose daughter cells 
gradually differentiate towards the epidermal surface and eventually are shed in a process 
called ‘desquamation’. During homeostasis, proliferation is restricted to basal cells 
(Krt5+/Krt14+) that are anchored to the basement membrane. Upon initiated differentiation, 
keratinocytes enter the spinous layer (Krt1+/Krt10+) and later they progress to the granular layer 
(Lor+/Flg+). At the surface of the mammalian epidermis, there is the stratum corneum 
containing enucleated, terminally differentiated cells whose plasma membrane has been 
replaced by a cornified envelope consisting of cross-linked proteins and lipids [reviewed in 
(Fuchs, 1990)]. 
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Figure 2: Layers of the stratified epidermis and modes of basal cell division  
during embryogenesis and homeostasis. 

How exactly epidermal stratification is achieved is a matter of ongoing debate. The traditional 
view assumes that asymmetric divisions with spindle orientation perpendicular to the basement 
membrane place one daughter cell to the basal layer while the other one is placed directly to 
the suprabasal layer (Lechler and Fuchs, 2005). This model is based on the analysis of 
embryonic skin. More recently, it has been suggested that the majority of basal keratinocytes 
in the embryo rather divide in parallel to the basement membrane (Damen et al., 2020; 
Miroshnikova et al., 2018). Only upon basal layer crowding, individual basal cells would then 
initiate differentiation and delamination (Miroshnikova et al., 2018). Most likely, both 
mechanisms operate in parallel and they only shift their balance. Evidence suggests that the 
single-layered embryonic epidermis is dominated by parallel divisions, but that the proportion 
of perpendicular divisions increases significantly upon the initiation of stratification around 
embryonic day 14 (E14) when a large amount of suprabasal cells has to be generated from 
scratch. Once adult homeostasis is reached and only a few suprabasal cells have to be replaced 
upon shedding, the epidermis seems to return to mostly parallel divisions (Clayton et al., 2007; 
Ipponjima et al., 2016). Strikingly, balancing the two modes can even serve as a means of cell 
competition (Ellis et al., 2019; Liu et al., 2019). 

It furthermore remains under investigation as to whether cell divisions precede or follow 
differentiation events. However, a recent study based on intravital-imaging convincingly shows 
that in the adult epidermis, the demand for differentiated cells drives stem cell divisions in the 
basal layer, i.e., differentiation and delamination precede cell division by one to two days. This 
mechanism suggests that the fates of neighboring cells are balanced. Once a cell has 
differentiated and delaminated, neighboring cells increase in size to fill up the empty spot and 
eventually divide (Mesa et al., 2018). It remains unclear though how the neighboring cell senses 
the empty spot in the first place and how the size increase results in cell division. One possible 
explanation was recently provided by Xie and colleagues who revealed how epidermal 
keratinocytes induce cell division once a certain cell volume is reached (Xie and Skotheim, 
2020). 

It has also been a long-standing question as to whether differentiation is the cause or 
consequence of delamination (Cockburn et al., 2021; Watt and Green, 1982). However, recent 
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evidence clearly supports that the transcriptional differentiation program is initiated prior to 
delamination. Using immunostaining, genetic mouse models, as well as transcriptomics, 
several studies on adult and postnatal mouse skin have shown the existence of interfollicular 
keratinocytes that display a basal-differentiated double signature. Cockburn and colleagues 
could even show that some of those cells still possess the ability to divide (Aragona et al., 2020; 
Braun et al., 2003; Cockburn et al., 2021; Doupé et al., 2010; Lin et al., 2020; Schweizer et al., 
1984).  

1.3.3 Stem cell heterogeneity and plasticity in the resting hair follicle 

Mammalian epithelia are governed by two general principles: (1) within a single epithelial 
tissue heterogeneous stem cells can co-exist (stem cell heterogeneity), and (2) stem cell 
populations might exhibit a wider differentiation potential compared to homeostasis when 
faced with a tissue regeneration setting (stem cell plasticity) [reviewed in (Donati and Watt, 
2015)]. 

As the mouse hair follicle is a widely used model system for adult tissue stem cells, many 
different stem cell populations have been identified. The first stem cells to be discovered in the 
hair follicle were slowly-cycling, label-retaining cells located in the outer bulge that fit the 
traditional hematopoietic stem cell-derived understanding of adult tissue stem cells (Cotsarelis 
et al., 1990; Rochat et al., 1994). They are marked for example by Krt15 and Cd34 expression 
and can regenerate all components of the hair follicle in reconstitution assays (Morris et al., 
2004; Trempus et al., 2003). Other genes linked to the bulge identity include Sox9, Lhx2, 
Nfatc1, Tbx1, and Tcf3 (Chen et al., 2012; Horsley et al., 2008; Nguyen et al., 2006; Nowak et 
al., 2008; Rhee et al., 2006; Vidal et al., 2005). Bulge stem cells are kept quiescent through 
paracrine signaling (FGF18, BMP6) by Krt6+ post-mitotic cells in the inner bulge (Pasolli, 
2011). However, in the past decade a whole ‘zoo’ of stem cell populations and their according 
marker genes have been identified (Figure 3) starting with Lgr5 in 2008 (Jaks et al., 2008), 
Lrig1 in 2009 (Jensen et al., 2009), Lgr6 in 2010 (Snippert et al., 2010b), and Gli1 in 2011 
(Brownell et al., 2011), among others. Notably, these non-bulge stem cells are marked by 
significantly higher proliferation rates [reviewed in (Jaks et al., 2010; Schepeler et al., 2014)]. 

Figure 3: Previously identified stem cell populations as well as differentiated populations  
in the telogen hair follicle [adapted from (Joost, 2019)]. 



 

 7 

During homeostasis, the different stem cell populations display distinct localizations and 
contribution patterns (i.e., compartmentalization of skin). The exact mechanisms for 
establishing compartmentalization in the skin remain to be elucidated. There are, however, a 
number of factors that have been implicated in maintaining structural integrity in other organs 
or model systems. These factors include mechanical forces, cell sorting based on differential 
expression of adhesion or signaling molecules, and restricted movement by a zone of non-
proliferating cells [reviewed in (Dahmann et al., 2011)]. 

Even though the compartments are very stable under homeostatic conditions, there are a 
number of settings that can allow the cell populations to become more plastic and overcome 
the restrictions that usually keep them within their compartment. In doing so, stem cells that 
normally occupy a certain niche, can move to and populate a different niche. A few examples 
of such plasticity are: (a) Lgr5+ progeny that is usually restricted to the lower hair follicle but 
can migrate out of the hair follicle upon wounding to contribute to wound interfollicular 
epidermis (Kasper et al., 2011); (b) bulge cells that can be replaced by non-bulge cells after 
laser ablation of the whole bulge (Rompolas et al., 2013); and (c) Lrig1+ progeny that is usually 
restricted to the upper hair follicle and sebaceous gland but can contribute to all epidermal 
compartments in a skin reconstitution assay (Jensen et al., 2009; Page et al., 2013). 

Even though this multitude of epidermal populations with stem cell potential has been 
identified, some of the major questions that remain are: Besides their differential contribution 
pattern, what cellular, molecular and functional factors set those populations apart? On the 
other hand, what features unite them and specify stemness? Comparative approaches to date 
have been complicated by the fact that results for the different stem cell populations have been 
obtained from different studies with varying methods and varying study designs. Moreover, 
initial transcriptional analysis was limited by the fact that bulk RNA sequencing samples often 
contain a mixture of molecularly different cells and thus cannot be interpreted unequivocally.  

1.3.4 The concept of stem cells and their niches 

A stem cell’s ability to regenerate tissues in homeostasis and under stress heavily relies on its 
ability to switch between quiescence and proliferation. A supportive microenvironment, also 
called niche, can help the stem cell to properly balance quiescence and proliferation by 
conveying the particular needs of a tissue via suitable cues. For epidermal stem cells, such 
extrinsic cues include homotypic cell interactions (e.g., interaction with the epithelial 
neighbors), heterotypic cell interactions (e.g., interactions between epithelial cells and 
fibroblasts or immune cells), interactions with the extracellular matrix (e.g., basal cells on the 
basement membrane), oxygen, membrane-bound factors, soluble factors, mechanical forces, 
and the complex tissue topography of the epidermis [reviewed in (Watt, 2016)]. Strikingly, it 
has been shown that even stem cell progeny can signal back to the stem cell and become part 
of its niche (Hsu et al., 2014b). 

The importance of the individual niche components in the skin will be discussed in more detail 
in section 1.6 Non-epidermal skin compartments. 
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1.4 HAIR CYCLING 

While the interfollicular epidermis is constantly renewed, the hair follicle undergoes a cyclical 
regenerative program which is characterized by bouts of growth (anagen), regression (catagen), 
and rest (telogen) (Figure 4A). The hair cycle follows a stereotypic time course with distinct 
morphological and molecular characteristics that have been classified in detail by Müller-Röver 
et al. (Müller-Röver et al., 2001). As the initial two hair cycles in postnatal mouse skin are 
synchronized (Paus, 1998), hair cycling is amongst the best-studied regenerative processes in 
the mammalian body [reviewed in (Hsu et al., 2014a)]. 

Figure 4: (A) Hair follicle morphology during the different hair cycle stages. (B) Microanatomy of the anagen 
hair bulb including the different lineages. ORS: Outer root sheath. IRS: Inner root sheath  

[adapted from (Joost, 2019)]. 

Telogen 

Telogen marks the energy-saving default state of mouse skin, in which the hair follicle is at its 
minimal size and retains the previously produced hair shafts [reviewed in (Geyfman et al., 
2015)]. Right after a completed growth phase, hair follicles enter so-called refractory telogen. 
They are then unable to respond to external anagen-inducing stimuli in order to prevent 
excessive regeneration. Hair follicle stem cells stay quiescent due to inhibitory signals 
emanating from subcutaneous fat (BMP2), dermal fibroblasts (BMP4), and the inner bulge 
(BMP6, FGF18) [(Hsu et al., 2011; Plikus et al., 2008), and reviewed in (Plikus and Chuong, 
2014)]. After a while, hair follicles enter competent telogen which is marked by a shifted 
balance from inhibitory to activating signals and by maximal susceptibility towards anagen-
inducing signals (Plikus et al., 2008).  

Early anagen 

Interactions between the hair follicle and the dermal papilla are both sufficient and necessary 
for the initiation of anagen. This was concluded from studies that on the one hand stalled hair 
growth by ablating dermal papillae and on the other hand successfully induced hair growth by 
transplanting dermal papillae (Jahoda et al., 1984; Rompolas et al., 2012). Dermal papilla-
derived signals involved in anagen initiation include FGF7, FGF10, TGFb2, and BMP 
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inhibitors (SOSTDC1, BAMBI, NOGGIN) (Greco et al., 2009; Hsu et al., 2014b; Oshimori 
and Fuchs, 2012). A tight control, both temporally and locally, of Bmp as well as Wnt signaling 
is not only important to ensure proper anagen initiation but is also crucial for proper anagen 
progression (Genander et al., 2014). 

Hsu et al. characterized the detailed sequence of signaling events upon anagen entry (Anagen 
I-III). The resulting model is based on the notion that hair germ stem cells are most sensitive 
to activating signals from the dermal papilla. Once activated, hair germ cells initiate the 
production matrix progenitors. These, in turn, provide SHH to the underlying dermal papilla as 
well as to the overlying bulge stem cells, which promotes their self-renewal and sustains the 
growth of the bulge-derived outer root sheath (ORS). Because the matrix progenitor-pool 
follows the growing anagen hair follicle, pro-proliferative signals for the bulge eventually stop, 
which prevents cellular exhaustion and secures subsequent hair cycles. In the meanwhile, 
matrix progenitors continue to stay in contact with the dermal papilla which promotes their 
proliferation (Hsu et al., 2014b; Rompolas et al., 2013).  

Mature anagen 

Mature anagen (Anagen IV-VI) is characterized by a massively enlarged hair follicle with the 
so-called anagen bulb extending into the deep layers of skin. The anagen hair follicle is 
enveloped by the ORS and it progressively engulfs the dermal papilla [reviewed in (Alonso 
and Fuchs, 2006; Schneider et al., 2009)]. The anagen bulb contains matrix cells (also called 
germinative layer cells). Matrix cells are epidermal cells that are located at the lower end of the 
hair bulb directly juxtaposed to the dermal papilla and give rise to seven morphologically and 
molecularly distinct layers: the companion layer that separates the outer and inner root sheath 
(IRS), the three IRS layers (Henle, Huxley, and IRS cuticle) that form the hair canal that guides 
the growing hair, and the three layers of the actual hair shaft (hair shaft cuticle, cortex, and 
medulla) (Figure 4B) [reviewed in (Zhang and Hsu, 2017)]. It has been shown that matrix cells 
divide asymmetrically to renew their pool while also producing differentiating inner lineage 
cells (Legué and Nicolas, 2005; Yang et al., 2017). 

There is an ongoing dispute about the dynamics of matrix cell differentiation and lineage 
specification. A number of studies have convincingly shown that the fate of matrix cells 
becomes constrained as anagen advances and that more distal cells preferentially give rise to 
hair shaft cells while more proximal cells rather produce companion layer and IRS (Legué and 
Nicolas, 2005; Legué et al., 2010; Mesler et al., 2017; Sequeira and Nicolas, 2012). Yang et al. 
proposed that matrix cells consist of seven uni-lineage progenitors that are spatially arranged 
along the dermal papilla. They report that these seven progenitors already display a molecular 
signature that reflects their differential priming for differentiation into one of the seven lineages 
(Yang et al., 2017). However, more recently Xin et al. showed that the fates of matrix cells 
residing at the different positions along the dermal papilla are not yet fixed. While matrix cells 
at specific positions along the dermal papilla give preferential rise to specific lineages, they can 
still undergo dynamic relocation. As they change their position along the dermal papilla, they 
also change their differentiation outcome. It is noteworthy though, that relocation only ever 
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happens in an upward direction (proximal to distal) (Xin et al., 2018). How these seemingly 
contradictory findings go together remains to be elucidated. 

Catagen 

Returning from the enlarged anagen hair follicle to the small telogen hair follicle requires that 
hair follicles undergo a regression phase called catagen. Among the inductive signals are 
dermal papilla-derived TGFb and Wnt inhibitors such as DKK2 and NOTUM (Harshuk-
Shabso et al., 2020), and indeed, ablated dermal papillae prevent hair follicle regression (Mesa 
et al., 2015b). During catagen, most cells are eliminated either via terminal differentiation of 
suprabasal cells or apoptosis of basal cells. Interestingly, epithelial cellular debris are not 
cleared by professional phagocytes but rather by epithelial neighbors (Mesa et al., 2015b). 
Some of the upper ORS cells are spared from the cleansing and form a new bulge and hair 
germ that can sustain the next hair cycle. This leaves the adjacent old bulge, also called club 
hair, as a stem cell reservoir and as an anchor for the hair produced in the previous cycle. It has 
furthermore been suggested that some of the lower ORS cells are kept to form the Krt6+ inner 
layer of the new bulge (Hsu et al., 2011; Mesa et al., 2015b). Recently, the dermal sheath, 
which lines the anagen hair follicle and contains a smooth muscle contractile machinery, has 
been identified as the key driver of tissue regression and niche relocation. By contracting, the 
dermal sheath simultaneously pushes up the hair shaft and pulls up the epithelial strand 
(Heitman et al., 2020).  

1.5 EPIDERMAL DEVELOPMENT 

1.5.1 Specification of epidermis and initiation of epidermal stratification 

Skin is a tissue that is specified early during mammalian embryonic development. Epidermis 
develops from the ectoderm. Ectoderm becomes committed to an epidermis fate upon Wnt 
pathway activation, which in turn stops ectodermal cells from responding to Fgf signaling. As 
a consequence, the ectoderm starts expressing BMPs which promote epidermal fate. 
Conversely, ectoderm exposed to SHH takes on a neural fate [reviewed in (De Falco et al., 
2014)]. 

Once the epidermis is specified, epidermal stratification is executed within 9-10 days 
(approximately E9.5 to E18.5) (Figure 5). Initial induction of TAp63 expression in the surface 
ectoderm induces Krt14 expression (E9.5) which is very specific to embryonic and mature 
basal keratinocytes. After this initial commitment, a second layer of squamous cells called 
periderm is established. This layer prevents pathological epithelial adhesions during 
embryogenesis and it is shed before birth when the epidermal barrier has matured (M’Boneko 
and Merker, 1988; Richardson et al., 2014). Next, DNp63 and Notch signaling promote the 
formation of an intermediate cell layer by induction of Krt1 in suprabasal keratinocytes 
(E14.5). Subsequent maturation of intermediate cells into spinous cells is associated with 
reduced cell-cycle activity (E15.5). Continued differentiation partially depends on Ca2+ 
signaling and produces granular keratinocytes (E16.5). Finally, barrier formation requires 
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altered cell adhesions as well as the upregulation of genes involved in lipid synthesis and 
metabolism (E18.5) [reviewed in (Koster and Roop, 2007)]. 

Figure 5: Embryonic, epidermal stratification from specification of the epidermis until  
acquisition of a terminally differentiated layer. 

1.5.2 Hair follicle development 

Hair follicle development in mouse, dorsal skin occurs in waves. At E14.5 the first wave of 
hair placodes appears, and those placodes develop into guard hairs which comprise 1-5 % of 
the adult mouse coat. The second wave starts at E16.5 and results in awl and auchene hairs that 
make up about 20 % of the adult coat. Finally, the vast majority of the adult coat is created at 
E18.5 when the third wave of hair placodes gives rise to zigzag hairs [reviewed in (Sennett and 
Rendl, 2012)]. 

Among these three waves, the first wave is the best-studied as there is no cross-contamination 
yet between the different waves which may confound interpretations (Figure 6). Therefore, the 
following section will focus on primary hair placodes (epithelial thickenings that give rise to 
guard hair follicles) and primary dermal condensates (mesenchymal condensations that give 
rise to the guard hair dermal papilla). Early primary placodes can be identified around E13.5 
based on the expression of Axin2, Krt17, and Fgf20. Morphologically they become 
distinguishable at E14.0 concomitant with focal upregulation of placode markers including 
Wnt10b and P-cadherin. At E14.5 placodes have reached their full thickness, and the majority 
of hair follicle induction studies have been conducted at this time point [reviewed in (Ahtiainen 
et al., 2014)]. 

Figure 6: Embryonic hair follicle development from induction until bulbous peg state  
(embryonic age corresponds to 1st wave). 

Hair follicle induction, similar to the induction of other ectodermal appendages (tooth, feather, 
cutaneous glands) and even sensory placodes (olfactory, auditory, lens), is dependent on a 
series of reciprocal interactions between the epithelium and the stroma. The key pathways are 
Wnt/b-catenin, Eda/NF-kB, Fgf, Hedgehog, and Tgfb/Bmp signaling [reviewed in (Biggs and 
Mikkola, 2014; Sennett and Rendl, 2012)]. Current understanding places widespread epidermal 
Wnt ligands at the top of the chain of interaction events. These epidermal Wnt ligands activate 
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Wnt/b-catenin signaling in the upper dermis which together with other, yet unknown dermal 
signals induces an epidermal response. This epidermal response includes b-catenin and leads 
to the localized formation of hair placodes [reviewed in (Hardy, 1992; Millar, 2002)]. 
Contemporaneously, beneath the epithelial placode the dermal condensate forms, which is 
marked e.g., by Sox2 and Tbx18 expression (Clavel et al., 2012; Grisanti et al., 2012). 

For a long time, the early cellular and molecular events leading to dermal condensate formation 
remained elusive. However, a number of recent publications have now cast light on the 
formation of dermal condensates. Dermal condensate precursor cells start acquiring their 
molecular fate before they undergo directional migration and physically cluster and condense 
under the emerging hair placodes. This molecular fate includes the upregulation of Wnt/b-
catenin signaling without which dermal condensates fail to form. While dermal condensate 
precursors pass through a highly proliferative stage, subsequent cell cycle exit is an early 
hallmark of dermal condensate formation. Moreover, without placode-derived FGF20 dermal 
condensates fail to form and even early condensate precursors are absent (Biggs et al., 2018; 
Gupta et al., 2019; Mok et al., 2019). 

Our knowledge has also significantly advanced when it comes to the early cell fate choices 
within the hair placode. Ouspenskaia, Matos, and colleagues investigated how closely spaced 
progenitors in the placode can commit to differential fates (Matos et al., 2020; Ouspenskaia et 
al., 2016). Early placode cells undergo asymmetric divisions perpendicular to the basement 
membrane. As a result of these asymmetric divisions, Wnt signaling becomes restricted to basal 
daughter cells, while suprabasal daughter cells acquire the ability to respond to Hedgehog 
signaling. Ligands for both pathways are produced in the basal cells. Subsequently, basal cells 
exit the cell cycle and Sox9+ suprabasal cells take over the production of new hair follicle-fated 
cells. Early on they produce Sox9+ stem cells, while later they switch to the production of short-
lived progenitors that differentiate into the hair lineages (Ouspenskaia et al., 2016). The early 
partitioning of Wnt signaling is one of the key steps in acquiring the differential fate. 
Intriguingly, basal placode cells produce both Wnt ligands as well as Wnt inhibitors. They 
place Wnt ligands basally to ensure their own Wnt activation as well as Wnt activation of the 
underlying mesenchyme. In contrast, Wnt inhibitors are placed apically to achieve Wnt 
restriction in suprabasal placode cells (Matos et al., 2020). 

Once established, hair placode and dermal condensate consolidate a complex signaling network 
that promotes the hair follicle maturation and reinforces lateral inhibition on the neighboring 
epidermis. The newly formed hair follicle will undergo a stereotypical developmental program 
including the stages of hair germ (E15.5) and hair peg (E16.5-E17.5). Finally, upon engulfment 
of dermal papilla cells, the bulbous hair peg state is reached (E18.5). This process eventually 
leads to the mature hair follicle [reviewed in (Paus et al., 1999; Saxena et al., 2019; Schmidt-
Ullrich and Paus, 2005)]. Markers such as Sox9, Lgr6, and Lrig1 are initially co-expressed in 
the placode, but become increasingly compartmentalized as the follicle matures – thus setting 
the foundation for stem cell heterogeneity in the adult hair follicle (Jensen et al., 2009; Nowak 
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et al., 2008; Snippert et al., 2010b). Apart from the developing hair follicle, Sox9+ cells also 
give rise to sebaceous gland precursors (Nowak et al., 2008). 

In recent years, the understanding of the molecular pathways underlying the process of hair 
follicle development has improved tremendously. However, one of the remaining questions 
concerns how the molecular information gets translated into coordinated cellular behavior that 
ultimately drives hair follicle morphogenesis. A study by Ahtiainen et al. concluded that 
directional cell migration, but not placodal proliferation, is the cellular mechanism driving 
primary hair placode formation. They observe that the inhibition of actin remodeling 
suppresses placode formation, whereas the stimulation of the Eda and Wnt pathway increases 
cell motility and the number of cells committed to placodal fate. Intriguingly, cell fate choices 
and morphogenic events seem to be controlled by similar pathways, which might provide a 
convenient framework for the coordination of the two processes (Ahtiainen et al., 2014). 

Since hair follicles do not develop in isolation, two questions arise: (a) How are hair follicles 
aligned with the body axis, and (b) how are hair follicles within a tissue patterned so that they 
are evenly spaced throughout the skin? While the alignment with the body axis seems to be 
instructed by a single pathway – the planar cell polarity pathway – (Cetera et al., 2017), the 
patterning process is more complex and controversial. 

One line of evidence supports the existence of a reaction-diffusion mechanism based on WNTs, 
FGFs, and BMPs that determines placode size and placode spacing (Glover et al., 2017; Närhi 
et al., 2008; Noramly and Morgan, 1998; Sick et al., 2006). This mechanism would be in line 
with the chemical basis of morphogenesis proposed by Turing in the 1950s that relies on long-
range inhibitors and short-range activators (Turing, 1952). Such a molecular pre-pattern would 
then direct the formation of mesenchymal aggregations. An alternative line of evidence 
supports a model that is also very reminiscent of the Turing model but rather relies on 
mechanical cues. This model suggests that in the first step, mesenchymal aggregates form as a 
result of cellular contractility which serves as a local activator and substrate stiffness which 
serves as a long-range inhibitor. These regularly spaced mesenchymal aggregates would then 
induce changes in epithelial gene expression via the mechanosensitive activation of b-catenin 
(Shyer et al., 2017). 

Glover et al. succeeded in showing that the potential for both patterning mechanisms co-exists 
in developing mouse skin. He describes that under normal circumstances, the epidermal pre-
pattern drives mesenchymal aggregations, but if such a pre-pattern is missing, self-organized 
aggregation can still happen in mesenchymal cells. It thus seems like patterning mechanisms 
follow a hierarchy (Glover et al., 2017). 

1.6 NON-EPIDERMAL SKIN COMPARTMENTS 

While the previous sections focused mostly on the epidermal compartment of the skin, it is 
important to keep in mind that the epidermis is just one of the skin layers. The underlying layers 
called dermis and hypodermis are also crucial for skin functionality. In addition to serving as a 
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scaffold, the dermis and hypodermis with all their components play an essential role in creating 
the cellular and molecular microenvironment that is needed for maintaining a fully functional 
epidermal barrier and hair coat. 

1.6.1 Mesenchymal cells in the dermis and hypodermis 

Adult homeostasis  

Fibroblasts are the major cellular component of the dermis. Despite the fact that the presence 
of fibroblasts is imperative for tissue development and maintenance, they have long been 
regarded as mere scaffold cells. They have often even been thought of unfavorably for their 
detrimental role in tissue fibrosis where they deposit an excessive amount of extracellular 
matrix (ECM) [reviewed in (Sennett and Rendl, 2015)]. However, their crucial role in 
providing structural as well as molecular support is increasingly recognized. 

One of the major functions of fibroblasts is to maintain the structural integrity of the dermis. 
Besides depositing ECM, most notably type 1 and 3 collagens, proteoglycans, and elastin 
[reviewed in (Watt and Fujiwara, 2011)], fibroblasts also need to constantly sense the 
mechanical properties of the dermis, such as ECM stiffness, and remodel ECM if needed. The 
major pathways implicated in sensing and responding to mechanical stress are YAP/TAZ and 
FAK signaling (Calvo et al., 2013; Wong et al., 2012). 

Fibroblasts also display functional specialization that is linked to their location, especially 
during development. Dermal fibroblasts can be divided into two groups (Figure 7). The upper, 
papillary dermis, which is characterized by high cell density, high proliferation rate, and active 
Wnt signaling, and the lower, reticular dermis with increased deposition of ECM and 
expression of immune cell-associated genes. While the reticular dermis mediates the first wave 
of dermal repair after injury, the papillary dermis cells are recruited later during wound re-
epithelialization and are required for new hair formation (Driskell et al., 2013; Harper and 
Grove, 1979; Philippeos et al., 2018; Rinkevich et al., 2015; Rognoni et al., 2016). 
Interestingly, this clear spatial segregation between papillary and reticular dermis can be seen 
in late embryonic and early postnatal skin, but with progressing dermal maturation it gets 
gradually lost (Rognoni et al., 2018; Salzer et al., 2018). 

While dermal fibroblasts mature, they also change their proliferative behavior. Initially, 
fibroblasts populate the dermis by proliferation. However, already during early postnatal 
development (around postnatal day 10) proliferation slows down to a low rate which is 
maintained throughout a lifetime. Increased proliferation can always be initiated following 
cutaneous wounding (Driskell et al., 2013; Rognoni et al., 2016; Ruchti et al., 1983). In parallel 
with the downregulation of fibroblast proliferation, ECM deposition gets upregulated because 
proliferation and ECM deposition form a negative feedback loop (Rognoni et al., 2018). 
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Figure 7: Mesenchymal cells of the skin [adapted from (Joost, 2019)]. 

Additional mesenchymal cells are associated with the hair follicle, such as cells in the arrector 
pili muscle, the dermal papilla, and the dermal sheath (Figure 7). The erector pili muscle is 
responsible for piloerection. The dermal papilla constitutes a mesenchymal signaling center 
and represents the adult counterpart to the embryonic dermal condensate. The dermal sheath 
surrounds the enlarged anagen hair follicle. 

The dermal papilla is of utmost importance for hair cycling and the specification of hair follicle 
types (Driskell et al., 2009; Jahoda et al., 1984; Mesa et al., 2015b; Rompolas et al., 2012). In 
line with this, dermal papillae display considerable heterogeneity both between hair cycle 
phases as well as between hair types. For example, the transcription factor Blimp1 is 
dynamically downregulated during anagen (Lesko et al., 2013; Telerman et al., 2017). And 
Crabp1 and Sox2 can be used to tell apart postnatal dermal papillae of guard hair follicles 
(Sox2+/Crabp1-), awl/auchene hair follicles (Sox2+/Crabp1+), and zigzag hair follicles (Sox2-

/Crabp1+) (Clavel et al., 2012; Rezza et al., 2016).   

During homeostasis, dermal papillae can be repopulated by progeny from the so-called hair 
follicle dermal stem cell (hfDSC) pool. Dermal papilla repopulation by hfDSCs is an important 
feature which becomes impaired during aging, resulting in a gradual net loss of dermal papilla 
cells which eventually leads to progressive hair loss (Shin et al., 2020). These bipotent stem 
cells can both repopulate the DP and also regenerate the dermal sheath (Rahmani et al., 2014). 
The dermal sheath tightly wraps the anagen hair follicle – starting just below the bulge – and 
is separated from the keratinocytes of the ORS by the basement membrane. During catagen, 
the dermal sheath envelops the degenerating epithelial strand, and during telogen, only a few 
hfDSCs are left, which wrap the dermal papilla [reviewed in (Martino et al., 2020; Yang and 
Cotsarelis, 2010)]. 

Beneath the dermis, there is the so-called hypodermis layer (Figure 7). It contains the dermal 
white adipose tissue (DWAT), which is separated from the subcutaneous white adipose tissue 
(SWAT) by the striated panniculus carnosus muscle (PCM). Intradermal adipocytes fulfill a 
plethora of tasks such as storing energy, participating in long-distance signaling, and providing 
insulation [reviewed in (Driskell et al., 2014)]. Moreover, they crosstalk with anagen 
epidermis. Epidermis-derived SHH and Wnt ligands lead to a massive expansion of DWAT, 
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which creates space, as well as structural and signaling support for the newly generated anagen 
hair bulb (Donati et al., 2014; Rivera-Gonzalez et al., 2016; Zhang et al., 2016), and adipocyte-
derived PDGF promotes hair growth (Festa et al., 2011). 

Embryonic/postnatal development 

The developmental origin of the dermis and hypodermis varies depending on the body site. 
While cranial dermis/hypodermis is mostly of neural crest origin, trunk dermis/hypodermis has 
its main origins in the lateral mesoderm (ventral skin) and paraxial mesoderm (dorsal skin), 
respectively [reviewed in (Driskell and Watt, 2015)]. 

In mice, developmental lineages of dermal fibroblasts have been best studied in dorsal skin, 
where there is a common mesenchymal progenitor at E12.5. Lineage commitment happens 
around E16.5 and from E18.5 onwards, dermal development can be subdivided into the upper 
and lower lineage. The upper dermal lineage gives rise to the arrector pili muscle, papillary 
fibroblasts, and the dermal condensate, which gives rise to the dermal papilla and dermal 
sheath. The lower dermal lineage produces adipocytes and reticular fibroblasts (Driskell et al., 
2013; Grisanti et al., 2012). It has been suggested that dermal and subcutaneous adipose tissue 
develop independently of each other, even though unequivocal experimental proof is pending 
(Wojciechowicz et al., 2013).  

The formation of the arrector pili muscle is prompted upon deposition of nephronectin to the 
underlying basement membrane by posterior bulge stem cells. This nephronectin-rich niche 
prompts integrin a8b1-expressing mesenchymal cells to upregulate smooth muscle markers 
and give rise to arrector pili muscles (Fujiwara et al., 2011). 

1.6.2 Innervation & neural crest-derived cells 

Adult homeostasis  

The skin is a highly sensitive organ with dense innervation both in the dermis and epidermis. 
The dense neuronal network consists of both efferent and afferent neurons, with efferent 
neurons carrying information from the central nervous system to the periphery and afferent 
neurons carrying information in the opposite direction. 

To discriminate between different sensations, the skin contains a wide variety of sensory, 
afferent neuron subtypes: nociceptors for painful stimuli, pruriceptors for itchy stimuli, 
thermoreceptors for thermal stimuli, and low-threshold mechanoreceptors (LTMRs) for non-
painful mechanical stimuli and touch sensation. LTMRs are furthermore associated with so-
called mechanosensory end organs. The contribution of the different neuron subtypes and end 
organs differs between hairy and glabrous skin. Glabrous skin is specialized in high-accuracy 
discriminative touch and contains several mechanosensory end organs: touch domes that detect 
static touch and are integrated into the epidermis, Meissner corpuscles that detect movement 
across the skin and are placed just below the epidermis, Ruffini endings that detect stretch and 
locate to the dermis, and Pacinian corpuscles that detect high-frequency vibration and are 
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placed in the deep dermis. Hairy skin performs touch sensation with slightly lower spatial 
acuity and contains touch domes as well as mechanoreceptive lanceolate endings that wrap 
around the upper bulge of hair follicles (Figure 8). Furthermore, in both hairy and glabrous 
skin, free nerve endings of unmyelinated LTMRs penetrate the epidermis [reviewed in 
(Zimmerman et al., 2014)]. Intriguingly, even nowadays new sensory end organs are still being 
discovered. It was long believed that noxious stimuli directly activate nociceptive sensory 
nerve endings in the skin. Only very recently, a novel glio-neural end organ made up of 
specialized cutaneous Schwann cells was discovered that is loaced at the dermal-epidermal-
border in the skin (Abdo et al., 2019).  

Figure 8: Sensory innervation of hairy skin [adapted from (Joost, 2019)]. 

Innervation also plays a special role in the hair follicle niche. It was shown that sensory nerves 
wrap around the upper hair follicle and secrete SHH, resulting in a subset of multipotent upper 
bulge stem cells expressing Gli1. Upon denervation, these peri-neural bulge cells lose their 
Gli1-expression. They can still contribute to tissue homeostasis and wound healing but seem 
to lose their ability to integrate long-term into newly generated wound epidermis. Thus, nerve-
derived SHH may be of functional importance for hair follicle stem cells (Brownell et al., 
2011).  

The efferent neurons in the skin can be subdivided into motor neurons, which innervate the 
panniculus carnosus muscle via neuromuscular junctions (Holstege and Blok, 1989; Petruska 
et al., 2014; Theriault and Diamond, 1988), and sympathetic neurons. In the skin, sympathetic 
nerves control e.g., the activity of sweat glands as well as erection of hair follicles and nipples 
[reviewed in (Vetrugno et al., 2003)]. Interestingly, sympathetic nerve-derived norepinephrine 
can also activate hair follicle stem cells through ADRB2 receptors. Thus, cold leads to erected 
hair that traps air for insulation, as well as to a denser hair coat (Shwartz et al., 2020).  

Peripheral neurons are also required for rapid wound healing. Upon injury, damaged peripheral 
neurons release high levels of neuromediators including IL1a, TNFa, NGF, and Substance P, 
which contribute to appropriate wound cellularity and to the inflammatory response required 
for successful wound healing [(Smith and Liu, 2002), and reviewed in (Scott et al., 2007)].  
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Other neural crest-derived components of the skin are Schwann cells, which envelop and 
support neurons, and melanocytes, the pigment-producing cells that in dorsal mouse skin are 
exclusively associated with hair follicles. During telogen, melanocyte stem cells reside in the 
bulge area (Nishimura et al., 2002). However, upon anagen entry, hair bulb-derived signals 
(e.g., EDN1) cooperate with dermal papilla-derived signals (e.g., KITL) to induce melanocyte 
relocation to the hair bulb as well as their proliferation and differentiation. Differentiated 
melanocytes transfer melanin granules to differentiating matrix cells, which in turn produce 
pigmented hair shafts. Upon progression to catagen, differentiated melanocytes degenerate 
while the stem cell pool in the bulge is maintained [reviewed in (Lin and Fisher, 2007; Tobin 
et al., 1999)]. 

There is a number of mechanisms resulting in the loss of melanocyte stem cells and 
concomitant hair greying: (a) age-related accumulation of DNA damage within melanocyte 
stem cells (Inomata et al., 2009), (b) loss of hair follicle stem cells due to age-related COL17A1 
proteolysis, which results in secondary loss of melanocyte stem cells because they directly 
adhere to hair follicle stem cells (Matsumura et al., 2016; Tanimura et al., 2011), and (c) stress-
related noradrenaline secretion by sympathetic nerves that induces rapid proliferation in usually 
quiescent melanocyte stem cells which ultimately leads to their differentiation, migration, and 
permanent depletion (Zhang et al., 2020). 

Embryonic/postnatal development 

During development, all cutaneous nerves, except for neural tube-derived motor neurons, are 
derived from the neural crest. Neural crest cells are transient cells that delaminate from the 
dorsal neuroepithelium and migrate along different routes to generate a variety of different cell 
types such as sensory neurons, sympathetic/parasympathetic neurons, glia of the peripheral 
nervous system (e.g., Schwann cells), and melanocytes. In the cranial compartment, they can 
even give rise to mesenchymal cell types [(Weston, 1970), and reviewed in (Le Douarin et al., 
2004; Stifani, 2014)].  

Heterogeneity of somatosensory neurons is a result of temporal waves of cell fate specification. 
The first wave of neurons is specified between E9.5 and E11.5 and is marked by NEUROG2. 
The second wave is specified between E10.5 and E13.5 and is marked by NEUROG1. 
Following their specification, they innervate the periphery (Frank and Sanes, 1991; Ma et al., 
1999). Two models account for the development of the differential innervation pattern for each 
of the hair follicle types: (a) as both hair follicles and neurons are born in waves, the timing of 
arrival in the skin could determine which hair follicle type gets innervated by which neuronal 
subtype, or (b) each hair follicle type could express a specific set of molecular cues and each 
neuronal subtype a specific set of receptors for these cues. Most likely, it is a combination of 
the two strategies that ensures appropriate innervation of hair follicles [reviewed in (Jenkins 
and Lumpkin, 2017)]. 

How exactly the specialized mechanosensory end organs are generated is still under 
investigation. Mechanoreceptive lanceolate endings have been shown to be recruited to the hair 
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follicle postnatally through EGFL6-deposition by upper bulge stem cells (Cheng et al., 2018). 
Also, the developmental origin of touch-dome associated Merkel cells has been an area of 
intensive research. While they were originally believed to be of neural-crest origin, it is now 
well established that Merkel cells are of epidermal origin (Doucet et al., 2013; Morrison et al., 
2009; Ostrowski et al., 2015; Szeder et al., 2003). 

The sympathetic neurons innervating the arrector pili muscle are formed during 
embryogenesis, but then remain undifferentiated and quiescent for quite some time. Shortly 
after the arrector pili muscle has matured (approximately postnatal day 6-8; P6-8), the 
sympathetic nerves also differentiate (approximately P5-P11). Hair follicle-derived SHH as 
well as arrector pili muscle-derived NRTN seem to be involved in this process (Furlan et al., 
2016; Shwartz et al., 2020). 

Melanocytes were long thought to originate exclusively from neural crest-derived melanocyte 
precursors that delaminate from the dorsal neural tube, migrate between the superficial 
ectoderm and dermomyotome [reviewed in (Erickson, 1993)], and populate the epidermis 
around E13.5 (Yoshida et al., 1996). However, recent evidence demonstrates that melanocytes 
can also be derived from Schwann cell precursors that are located adjacent to nascent nerves 
(Adameyko et al., 2009). Another interesting feature is that melanocyte precursors initially 
populate interfollicular epidermis as well as hair follicles, but during postnatal development, 
only hair follicle-homed melanocyte stem cells persist (Hirobe and Enami, 2019). 

1.6.3 Vascularization 

Adult homeostasis  

The dermal vasculature consists of two major structures: the superficial vascular plexus at the 
height of the telogen bulge and the deep vascular plexus that is located at the border of the 
dermis and hypodermis (Figure 9). The deep plexus contains larger vessels and is connected to 
the superficial plexus via vertically oriented vessels. The epidermis itself is avascular so it relies 
on nutrients obtained through diffusion from closely associated dermal capillaries [reviewed in 
(Barbieri et al., 2014)]. 

Additionally, there is a major venous plexus (termed ‘venule annulus’) wrapped around the 
upper bulge (Figure 9). Interestingly, the location of the venule annulus coincides with that of 
the perifollicular neural niche. This close association seems to be linked to the same secreted 
factor, namely EGFL6, that is involved in the recruitment of both nerves and vessels to that 
region. Interestingly, the venule annulus persists after denervation and even forms in de novo 
reconstituted hair follicles before their re-innervation, suggesting that the perivascular niche is 
of functional importance (Xiao et al., 2013). 
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Figure 9: Skin vasculature [adapted from (Joost, 2019)]. 

In addition to trophic support and thermoregulation, cutaneous vasculature also seems to 
regulate hair cycling. Anagen induces substantial angiogenesis while catagen induces apoptosis 
of endothelial cells lining the vessels. Furthermore, pharmacological blocking of angiogenesis 
led to delayed anagen development, and inhibition of the pro-angiogenic factor VEGFA led to 
a delay in hair cycling as well as smaller hair follicles (Mecklenburg et al., 2000; Yano et al., 
2001). A recent study uncovered more details on the crosstalk between hair follicle stem cells 
and cutaneous blood vessels. Vessels secrete factors such as BMP4 to maintain hair follicle 
stem cell quiescence, while the Runx1 transcription factor in activated hair follicle stem cells 
mediates the expression and secretion of molecules involved in vascular remodeling (Li et al., 
2019). 

Blood vessels do not only consist of endothelial cells which line the vessel lumen, but they also 
contain mural cells, i.e., pericytes and vascular smooth muscle cells. While pericytes cover 
capillaries and venules, vascular smooth muscle cells surround arterioles. Pericytes and 
vascular smooth muscle cells are difficult to tell apart as the commonly applied markers are 
not specific. However, they can be reliably discriminated in adult tissues by the fact that 
pericytes share the basement membrane with endothelial cells while vascular smooth muscle 
cells reside outside of the basement membrane [reviewed in (Armulik et al., 2011; Nehls and 
Drenckhahn, 1993)]. 

While vascular smooth muscle cells fulfill the well-defined function of adjusting blood vessel 
volume and local blood pressure, pericyte functions are less well-defined and more diverse. 
They seem to (a) contribute to the deposition of ECM to the basement membrane, (b) sense 
physiological needs of the tissue including angiogenic stimuli, (c) signal to endothelial cells to 
control their proliferation and differentiation, and (d) integrate signals along the vessel length 
as they contact numerous endothelial cells [reviewed in (Gerhardt and Betsholtz, 2003)].  

Besides the vascular network, the skin also contains a lymphatic network consisting of a 
superficial and a deep plexus (Figure 9) [reviewed in (Skobe and Detmar, 2000)]. Traditionally, 
lymphatic vessels were primarily linked to their function in regulating fluid homeostasis, 
macromolecule drainage in tissues, and immune cell trafficking [reviewed in (Schulte-Merker 
et al., 2011)]. However, recently they have also been implicated in the organ-specific 
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promotion of homeostasis [reviewed in (Wong et al., 2018)]. As it has been recently revealed 
that lymphatic vessels closely associate with hair follicles and get remodeled during the hair 
cycle (Gur-Cohen et al., 2019; Peña‐Jimenez et al., 2019), it is compelling to assume that 
lymphatic capillaries could influence hair cycling e.g., by trafficking immune cells to the hair 
follicle at the appropriate phase of the hair cycle. As disruption of the lymphatic vasculature 
results in asynchronous cycling (Gur-Cohen et al., 2019), it is furthermore conceivable that 
lymphatic vasculature could redistribute signaling molecules within the tissue to achieve 
synchronization of hair cycling. 

Embryonic/postnatal development 

The vascular network in the skin is mostly formed by angiogenesis, i.e., the formation of new 
vessels from pre-existing vessels via sprouting or vessel splitting [reviewed in (Detmar, 2000). 
Tissues in need of vascularization release the major angiogenic inducer VEGFA which can be 
sensed by surrounding vessels [reviewed in (Ribatti et al., 2000)]. As a consequence, a single 
endothelial cell will become a so-called tip cell with extraordinary VEGFA-susceptibility 
thanks to VEGF receptor enrichment in their filopodia. This tip cell also starts expressing 
matrix metalloproteinases to degrade the vascular basement membrane that usually prevents 
endothelial cell migration. It furthermore expresses the Notch ligand DLL4 to prevent 
neighboring endothelial cells (so-called stalk cells) from responding to VEGFA and thus, to 
prevent the vessel from falling apart by excessive sprouting (Gerhardt et al., 2003; Ruhrberg et 
al., 2002). Notably, angiogenesis is a highly complex process and involves many more 
signaling molecules including other VEGF family members, PDGF family members, BMPs, 
PGF, TGFb1, ECM components, and molecules better known from axon guidance 
(Semaphorins, Netrins, Neuropillins, Slit proteins) [(Cao et al., 2002; Detmar, 2000; Luttun et 
al., 2002; Newman et al., 2011), and reviewed in (David et al., 2009; Goumans and Mummery, 
2000)]. 

Interestingly, for proper maturation of arterial vessels, they need to align to nerves. Nerve-
derived chemokines serve as a guidance cue for sprouting angiogenesis and also endothelial 
cell-derived JUN-B seems to be involved in neurovascular alignment (Li et al., 2013; 
Mukouyama et al., 2002; Yoshitomi et al., 2017). Furthermore, for full vascular functionality 
and integrity, angiogenesis has to be followed by vascular remodeling, i.e., the recruitment of 
mural cells (Levéen et al., 1994; Soriano, 1994) (Levéen et al., 1994; Soriano, 1994).  

There is a long-standing controversy as to whether endothelial tubes initially form without 
pericyte coverage and only mature and stabilize fully through subsequent acquisition of 
pericytes (Benjamin et al., 1998), or if pericytes are present much earlier in actively sprouting 
vessels to support various aspects of angiogenesis (Amselgruber et al., 1999; Reynolds et al., 
2000). Most likely, the answer may look different in different angiogenic contexts. 

Traditionally, lymphatic vessels were believed to form by sprouting from embryonic veins. 
However, it has now been shown that both venous and non-venous progenitors contribute to 
the formation of the dermal lymphatic network [(Martinez-Corral et al., 2015), and reviewed 
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in (Betterman and Harvey, 2018)]. The nature of the non-venous progenitors remains elusive 
though. 

Notably, blood vessels have been reported to already start approaching nascent hair follicles at 
E14.5. By E16.5 they form a ring around the developing hair follicles (Xiao et al., 2013). 
Lymphatic vasculature is present at the time of hair follicle specification but only start 
approaching developing hair follicles during late embryogenesis (Peña‐Jimenez et al., 2019). 

1.6.4 Immune cells  

Adult homeostasis 

Skin as the body’s primary environmental interface is constantly exposed to potential pathogen 
invasions and thus contains a dense network of immune cells that guard the skin against 
pathogens (Figure 10). Immune cells are categorized into the myeloid lineage containing 
monocytes, macrophages, neutrophils, basophils, eosinophils, erythrocytes, and 
megakaryocyte, and the lymphoid lineage containing T cells, B cells, natural killer cells, and 
innate lymphoid cells. The prevalence of the different immune cell subtypes depends on the 
body site, the skin layer, the proximity to hair follicles, and the hair cycle stage [reviewed in 
(Rahmani et al., 2020)]. 

The dermal immune cell compartment is dominated by mononuclear phagocytes, i.e., 
monocytes, macrophages, and dermal dendritic cells (DCs). For a long time, they have been 
difficult to tell apart and it has only been in the past decade that an antibody panel as well as 
detailed functional characterization became available (Tamoutounour et al., 2013).  

Monocytes are best known in the context of inflammation when they extravasate in large 
numbers and differentiate into macrophages and inflammatory DCs. However, they also patrol 
extravascular peripheral tissue during homeostasis; most likely to promote peripheral tolerance 
(Jakubzick et al., 2013). 

While macrophages in some tissues act as professional antigen-presenting cells, the major task 
of dermal macrophages lies in their contribution to tissue homeostasis through scavenging of 
cellular breakdown products and invading microorganisms (Tamoutounour et al., 2013).  

The major antigen-presenting cells of the skin are classical DCs residing in the dermis. Both 
the CD103+ and the CD11b+ subset excel at migration to skin-draining lymph nodes and 
activation of T cells via MHC-bound peptides. Another subset is called inflammatory DCs or 
monocyte-derived DCs. They possess strong T cell stimulatory capacity but lack migratory 
abilities. This makes them well suited to induce T cells directly in the skin (Tamoutounour et 
al., 2013). The last dendritic cell subtype is called plasmacytoid DC. They are specialized in 
producing large amounts of type I interferons upon viral infections (Nakano et al., 2001; Siegal 
et al., 1999). 
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Dermis-resident mast cells can activate innate and adaptive immunity and act as effector cells 
exacerbating the development of allergic or autoimmune diseases [reviewed in (Morita et al., 
2016)]. 

Dermis furthermore contains various T cell subsets. CD4+ and CD8+ resident memory T cells 
provide long-term local protection against infection. FOXP3+ CD4+ regulatory T cells regulate 
and suppress other immune cells. Lastly, dermal gd T cells contribute to neutrophil recruitment 
through IL17 secretion [reviewed in (Rahmani et al., 2020)].  

Figure 10: Skin-resident immune cells [adapted from (Joost, 2019)]. 

The immune composition of the epidermis is much simpler. There is a substantial number of 
Langerhans cells and dendritic epidermal T cells (DETCs) and low numbers of resident 
memory T cells. While cell bodies of the DETCs are placed in the basal layer of the IFE, the 
majority of Langerhans cells are located in the suprabasal layers, even though rare basal cells 
have also been described. With their numerous dendrites both Langerhans cells and DETCs 
scan the surrounding basal and suprabasal keratinocytes [reviewed in (Lombardi et al., 1993; 
Rahmani et al., 2020)]. A recent study revealed that Langerhans cell and DETC distribution 
follows an actively maintained tiling pattern. Moreover, they even adjust their abundance in 
response to altered basal keratinocyte density (Park et al., 2021). 

Dendritic Langerhans cells are professional antigen-presenting cells that reside in the epidermis 
and monitor for foreign antigens. Once they captured antigens, they migrate to skin-draining 
lymph nodes to activate T cells [(Romani et al., 1989), and reviewed (Ginhoux and Merad, 
2010; Kaplan, 2017)]. Keratinocytes are able to share mRNAs and proteins with Langerhans 
cells through direct intercellular material exchange. This represents a possible mechanism 
contributing to peripheral tolerance (Su and Igyártó, 2019).  

DETCs are tissue-resident and show a dendritic phenotype; both features being highly 
untypical for lymphocytes [reviewed in (Gentek et al., 2018a; Thelen and Witherden, 2020)]. 
They also display a restricted T cell repertoire suggesting that they are only looking for 
predictable moieties of tissue damage (Asarnow et al., 1988). Furthermore, they function as 
cytokine secretors during the early stages of inflammation and tissue dysregulation [reviewed 
in (Hayday, 2009)].  
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While the previous paragraphs focused on the traditional functions of immune cells in cellular 
defense, the following paragraphs will showcase some non-canonical immune cell functions in 
the skin. In recent years, it has been increasingly recognized that immune cells can generate 
discrete milieus that favor processes such as proliferation, differentiation, and quiescence. As 
such, immune cells have proven themselves indispensable for hair cycling and barrier 
maintenance  [reviewed in (Rahmani et al., 2020)]. 

Regulatory T cells localize close to the hair follicle bulge and facilitate hair cycle initiation 
through the expression of the Notch ligand JAG1 which promotes proliferation and 
differentiation of hair follicle stem cells (Ali et al., 2017). Regulatory T cells are furthermore 
important in the context of epidermal repair. They facilitate the contribution of hair follicle 
keratinocytes to the wound epithelium by preventing an overexuberant Th17 and neutrophil 
response (Mathur et al., 2019). Interestingly, infundibular keratinocytes express CCL20 ligand 
to keep regulatory T cells in the perifollicular space (Scharschmidt et al., 2017). Hair follicle 
keratinocytes furthermore ensure that skin-resident memory T cells are actively kept in the skin 
through the expression of IL7 and IL15 (Adachi et al., 2015). 

Perifollicular mast cells contribute to anagen induction via secretory products – the exact nature 
of which remains elusive (Paus et al., 1994). Perifollicular macrophages maintain telogen via 
secretion of Oncostatin M, but they can also regulate anagen entry via coordinated apoptosis 
and concomitant release of WNT7B and WNT10A. Moreover, they promote catagen via FGF5 
secretion (Castellana et al., 2014; Suzuki et al., 1998; Wang et al., 2019). 

Also, gd T cells are critical regulators of skin homeostasis and regeneration. The general 
absence of gd T cells results in hair cycling defects (Kloepper et al., 2013). It has furthermore 
been shown that epidermal DETCs are critical for regulation of cutaneous inflammation, 
epidermal homeostasis, and wound repair and that they protect against epidermal tumors; their 
most important mediator is IL13 (Dalessandri et al., 2016; Girardi et al., 2002; Jameson et al., 
2002). Dermal gd T cells have been shown to promote wound-induced hair follicle neogenesis 
via Wnt activation in wound fibroblasts (Gay et al., 2013). 

Taking together all these examples of close collaboration between immune cells and epidermal 
cells, the hair follicle immune system is emerging as a great system to uncover key principles 
of immune-mediated regeneration [reviewed in (Rahmani et al., 2020)]. 

Notably, keratinocytes themselves can also actively contribute to the immunological defense 
of the skin. Equipped with different pattern-recognition receptors, they can sense pathogen-
associated molecular patterns and react by secreting cytokines, chemokines, as well as 
antimicrobial peptides [(Lebre et al., 2007; Miller and Modlin, 2007), and reviewed in (Tan et 
al., 2015)]. 

Embryonic/postnatal development 

During embryogenic development, immune cells are successively produced at distinct 
hematopoietic sites [reviewed in (Orkin and Zon, 2008)]. Primitive hematopoiesis is initiated 



 

 25 

in the extra-embryonic yolk sac around E7.0 and generates erythrocytes, macrophages, mast 
cells, and possibly even progenitors with lymphoid potential (Gentek et al., 2018a; Moore and 
Metcalf, 1970; Palacios and Imhof, 1993). Starting from E8.5 a new wave of hematopoietic 
progenitors is generated within the embryo proper; first in the paraaortic splanchnopleure 
region, then in the AGM region (aorta, gonads, mesonephrons) (Bertrand et al., 2005; 
Medvinsky and Dzierzak, 1996). Around E10.5 hematopoietic progenitors from the yolk sac 
and AGM region colonize the fetal liver, thymus, and spleen. After E11.5 fetal liver serves as 
the major hematopoietic organ. It contains mature hematopoietic stem cells (HSCs) and 
generates all hematopoietic lineages (Hoeffel et al., 2012; Kumaravelu et al., 2003; Naito et al., 
1990). Ultimately, hematopoiesis in the bone marrow commences around birth [reviewed in 
(Orkin and Zon, 2008)]. 

Tissue-resident macrophages originate from so-called erythro-myeloid progenitors (EMPs). 
Early EMPs give rise to a first wave of yolk sac-derived macrophages, which have been 
reported to populate the whole embryo starting from E9.5 (Mass et al., 2016). Late EMPs 
relocate to the fetal liver and give rise to a second wave of fetal monocytes. These fetal liver-
derived monocytes can differentiate into tissue-resident macrophages that are able to self-
renew into adulthood (Gomez Perdiguero et al., 2015; Hoeffel et al., 2015; Mass et al., 2016).  

Mast cell development follows a similar pattern, where a first wave of yolk sac-derived mast 
cells progenitors is later largely replaced by definite hematopoietic stem cell-derived mast cells. 
Similar to macrophages, mast cells self-maintain in the tissue, i.e., they replenish from local 
sources rather than relying on bone marrow-derived, circulatory cells (Gentek et al., 2018a). 
Mast cells have been reported to populate the dermis from around E14.5 (Gentek et al., 2018a; 
Hayashi et al., 1985). 

Information on embryonic development of DCs is sparse. The only exception is the 
development of epidermis-resident Langerhans cells which is well-described and will be 
discussed below. For other skin-resident DCs, only the adult situation is well-described where 
dermal DCs arise from circulating bone marrow-derived macrophage and DC progenitors 
(MDPs). Dermal DCs have a short half-life and do not self-renew within the tissue (Fogg et al., 
2006). 

Langerhans cells are very different from other skin-resident DCs when it comes to 
development. They are derived from embryonic progenitors, which seed the developing skin 
before birth and are maintained as local precursors allowing for self-renewal throughout a 
lifetime independent from circulating precursors. They display a dual developmental origin 
where a minority of Langerhans cells originate from early yolk sac-derived macrophages while 
the majority of Langerhans cells arise from fetal liver-derived monocytes (late embryogenesis) 
(Chorro et al., 2009; Hoeffel et al., 2012). Langerhans precursors have been reported to enter 
the epidermis around E16.5 (Weiss and Zelickson, 1975) but they do not acquire a mature 
Langerhans signature including CD207 and MHC II-molecules until birth (Tripp et al., 2004).  



 

26 

DETCs share a lot of developmental features with Langerhans cells rather than with 
conventional T cells. DETCs are established from fetal thymic progenitors that home to the 
skin around E16.5 (Elbe et al., 1989). However, the majority of DETCs only appear after birth 
and their numbers keep steadily increasing during early postnatal development (Romani et al., 
1986). Similar to Langerhans cells, homeostatic maintenance of DETCs is achieved through 
clonal expansion of tissue-resident precursors and independent from circulating hematopoietic 
cells (Gentek et al., 2018a). And indeed, depletion of DETCs in adults is not followed by their 
re-appearance (Aberer et al., 1986). The developmental origin of DETCs is an area of ongoing 
research, but it seems like they might arise from yolk sac-derived progenitors with lymphoid 
potential (Böiers et al., 2013; Gentek et al., 2018b; Palacios and Imhof, 1993; Yoshimoto et al., 
2012). 

The precursors of all other T cells arise in the bone marrow and subsequently relocate to the 
thymus, where they differentiate. A constant replenishment by circulatory T cells is kept up 
throughout a lifetime [reviewed in (Havran and Allison, 1988)]. 

1.7 CUTANEOUS WOUND HEALING 

As the skin is the body’s most important protective barrier, any injury poses a serious threat, 
and the barrier has to be rapidly and efficiently restored. To this aim, mammals have developed 
a complex cellular program that regenerates the skin barrier [reviewed in (Martin, 1997)]. 

Figure 11: Characteristic stages of cutaneous wound healing [adjusted from (Joost, 2019)]. 

Cutaneous wound healing follows a four-step program (Figure 11): (1) The first step is 
hemostasis. Vessels are constricted in order to reduce blood flow and a fibrin- and fibronectin-
rich clot is formed from platelets and coagulation cascade factors to provisionally close the 
wound. The fibrin clot also serves as a migration scaffold for other cells and as a source for 
chemotactic cues. (2) Within hours the inflammatory stage commences where inflammatory 
cells are recruited. It starts with a wave of neutrophils that kill bacteria and degrade damaged 
matrix proteins and is followed by a wave of macrophages that remove tissue debris and destroy 
remaining neutrophils. (3) Next, wound healing enters the regenerative phase where re-
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epithelialization is initiated. The delay of re-epithelialization can be explained by the fact that 
first, a provisional wound matrix has to be formed on which the keratinocytes can crawl, and 
secondly, integrins and actin filaments have to be re-arranged in order to allow for migration 
of keratinocytes. The regenerative stage also includes the formation of granulation tissue, a 
wound-specific connective tissue. Additionally, angiogenesis begins, and myofibroblasts try to 
pull together the wound edges. (4) The final remodeling stage aims at the restoration of the 
epidermis, dermis, and extracellular matrix in order to regain some of the original functionality 
of the tissue. Due to the complexity, this stage can last for months (reviewed in (Arwert et al., 
2012; Martin, 1997)). 

Role of epidermal cells 

The process of re-epithelialization, that has been mentioned above, is most important for 
restoring the skin barrier. It describes the formation of new epidermal tissue on top of the 
wound matrix. Fibroblasts and immune cells within the granulation tissue activate 
keratinocytes in the immediate wound-surrounding via EGFs, FGFs, HGFs, KGFs, PPARs, 
TGFb, acetylcholine, catecholamines, among others to trigger their proliferation and migration 
to the wound site. These signals show a large degree of redundancy indicative of the important 
nature of re-epithelialization [reviewed in (Werner et al., 2007)]. 

Intriguingly, it is not only keratinocytes from the interfollicular epidermis that get recruited and 
contribute to wound healing. Upon full-thickness wounding also cells from wound-surrounding 
hair follicles (first 2-3 rows) can join the coordinated stream of epithelial cells moving towards 
the wound. Multiple cell populations from the hair follicle such as Lgr5+, Lgr6+, Krt14+, 
Krt15+, Lrig1+ cells have been reported to contribute (Aragona et al., 2017; Füllgrabe et al., 
2015; Ito et al., 2005; Kasper et al., 2012). The contribution of hair follicle keratinocytes might 
not be essential to wound healing, but it can clearly accelerate wound closure (Langton et al., 
2008). Depending on their original location in the IFE or hair follicle, different stem cell 
populations can also show distinct temporal dynamics. While cells from the upper hair follicle 
can reach the wound front as early as 24 hours after injury, bulge-derived cells show a visible 
delay. Also, the long-term contribution differs between the different contributing stem cell 
populations. It is a matter of ongoing debate though, if those differences result from diverging 
stem cell potential or different initial numbers of cells arriving at the wound front (Page et al., 
2013). 

Recent advances in intravital imaging of mouse skin have allowed skin researchers to 
investigate how skin tissue can orchestrate the cellular mechanisms needed to re-epithelialize 
a wound. The skin epithelium around a wound site can be divided into an actively proliferating 
ring, a non-proliferative, migratory wound front – also known as leading edge –, and a tissue 
expansion zone in-between, with coexisting proliferation and migration. Cells transition out of 
the proliferating ring through directional division and then start an active migration towards 
the wound (Park et al., 2017). In order to successfully migrate on the provisional wound matrix, 
keratinocytes upregulate genes involved in extracellular matrix remodeling and cell adhesion, 
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such as integrin a5b1, proteases and matrix metalloproteinases [reviewed in (Martin, 1997; 
Rognoni and Watt, 2018)]. 

During wound healing, epidermal stem cells become much more plastic than during 
homeostatic settings. While their contribution pattern is usually very restricted, the injury 
setting allows them to cross compartment-borders in order to help with re-epithelialization. 
Epidermal stem cells have even been reported to change their identity during wound healing. 
Interfollicular stem cells at the wound edge transiently induce the transcription factors Sox9 
and Tcf3 that are typical for hair follicle stem cell identity. In contrast, mobilized hair follicle 
stem cells permanently induce transcription factors linked to interfollicular stem cell identity 
such as Klf5 and Ap2g  (Ge et al., 2017). Another long-standing question has been if post-
mitotic, differentiated cells without contact to the basement membrane can de-differentiate and 
contribute to epidermal wound repair. Concerning this matter, Donati et al. recently reported 
that Gata6+ cells, which usually reside in the sebaceous duct as suprabasal cells, upon 
wounding can transition back to the basal epidermal layer and contribute to wound healing. 
Progeny of Gata6+ cells that contributes to wound healing loses the typical sebaceous duct 
markers including Gata6 (Donati et al., 2017). 

Despite all these recent advancements of our understanding, which have uncovered unexpected 
plasticity including lineage infidelity and de-differentiation, the exact molecular changes that 
epithelial cells undergo when migrating towards the wound site have been difficult to dissect. 
It is insufficiently understood, how epidermal stem cells can break their homeostatic 
compartment boundaries and how much the different stem cell populations converge while 
they adopt a common wound-induced migration state. Moreover, it remains to be answered, 
how much of their original identity keratinocytes keep after integration into the newly formed 
wound epidermis. 

Role of non-epidermal cells 

While much of the research has been focused on the epidermal component of wound healing, 
the dermal component of wound healing is just as important. Many fibroblasts in the vicinity 
of the wound become rapidly activated, most importantly by TGFb, and turn into a smooth 
muscle actin-expressing myofibroblasts with an altered behavior and transcriptional program. 
As their major function is wound contraction, they have a transient nature and undergo 
apoptosis at the end of the wound healing process (Driskell et al., 2013; Dulauroy et al., 2012; 
Plikus et al., 2017).  

Distinct fibroblast populations show differential recruitment and contribution to wound healing 
(Correa-Gallegos et al., 2019; Driskell et al., 2013; Rinkevich et al., 2015; Rognoni et al., 
2016). Fibroblasts from the reticular dermis and fascia are the major source of myofibroblasts, 
and papillary fibroblasts enter the wound contemporaneously with re-epithelialization and 
exclusively relocate to the upper dermis. Dermal papilla cells do not seem to contribute to 
wound repair (Kaushal et al., 2015). Intriguingly, depletion or manipulation of specific 
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mesenchymal subsets in the dermis can lead to a significant reduction of tissue fibrosis or scar 
formation upon tissue injury (Dulauroy et al., 2012; Rinkevich et al., 2015). 

Adipocytes and preadipocytes have also been shown to be crucial for successful wound healing 
as defects in adipogenesis result in impaired fibroblast recruitment and dermal reconstruction. 
Within hours after injury, wound edge adipocytes start proliferating and dedifferentiating and 
repopulate the wound bed as myofibroblasts. Additionally, adipocyte lipolysis releases fatty 
acids into the wound which are essential for the robust recruitment of inflammatory 
macrophages (Schmidt and Horsley, 2013; Shook et al., 2020). 

Mesenchymal cell types also support nerve sprouting in the wound bed. During deep skin 
injuries, cutaneous sensory axons and receptors are destroyed, while the neuronal cell bodies 
in the dorsal root ganglia persist. Myofibroblasts aid re-innervation by secreting neurotrophins 
as well as by producing ECM components such as laminin that are known to promote neuronal 
outgrowth [(Constantinou et al., 1994; Palazzo et al., 2012; Rivas et al., 1992), and reviewed 
in (Sidgwick and Bayat, 2012)]. Unfortunately, itching and pain are common sequalae of 
healed wounds [reviewed in (Iannone et al., 2019)]. 

Scar formation 

Even though many cell types collaborate to heal the wound, skin injury often results in scar 
tissue rather than a fully functional reconstitution. Scar tissue is characterized by an excess of 
ECM, as well as the lack of hair follicles, sweat glands, and cutaneous fat. The main producers 
of scar tissue are myofibroblasts that, given their rapid proliferation and ECM-producing 
abilities, are able to produce a lot of tissue in a short time. But this comes at the expense of 
tissue quality. It is thus important that during the final phase of wound healing, (a) ECM is 
remodeled – type 3 collagen is replaced with type 1 collagen, and elastin, which is important 
for skin elasticity, re-appears –, and that (b) myofibroblasts undergo apoptosis. Inappropriate 
delay of myofibroblast apoptosis may be one of the driving factors underlying excessive 
scaring (reviewed in (Lebonvallet et al., 2018; Plikus et al., 2017)).  

In addition to the described sequence wound healing events, a number of other phenomena can 
be observed. Firstly, the hair follicles around the wound site go into anagen much earlier than 
the rest of the skin. This results for example from macrophages that are recruited to the wound 
site and then activate hair follicle stem cells, leading to telogen-to-anagen transition around the 
wound (Wang et al., 2017). Secondly, wounds are re-epithelialized fastest if wounding occurs 
during the anagen stage. This might be caused by alterations in the epithelial, endothelial, and 
inflammatory cells in the skin during the hair cycle, or by the fact that genes beneficial for 
wound healing and genes upregulated in anagen are actually correlated (Ansell et al., 2011). 
Thirdly, while small excisional wounds <1cm2 are typically repaired by forming scar tissue 
devoid of epidermal appendages and fat, large wounds (> 1cm2) in mice can regenerate de novo 
hair follicles and adipocytes in their center. Strikingly, both wound-induced hair neogenesis 
(WIHN) as well as de novo fat regeneration employ the reactivation of developmental programs 
(Ito et al., 2007; Plikus et al., 2017). Among the cell populations and signaling events that 
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positively impact WIHN, papillary fibroblasts, macrophages, dermal gd T cells, FGFs, and 
WNTs have gained most attention (Driskell et al., 2013; Gay et al., 2013; Ito et al., 2007; Osaka 
et al., 2007). There are still numerous open questions about the intriguing WIHN effect, one of 
them being why WIHN is only ever observed in large wounds and even there only in the center 
of the wound. 

1.8 COMPARISON OF DIFFERENT MOUSE BODY SITES 

In mice, the most commonly studied body areas are dorsal skin, ear skin, paw skin, and tail 
skin. They differ e.g., in epidermal thickness, contribution of adnexal structures, and immune 
composition. This makes the distinct regions particularly well suited for different kinds of 
research questions. 

Tail and paw skin display a much thicker IFE and thus the different stratified layers are much 
more pronounced than in dorsal and ear skin which usually only present with 2 or 3 cell layers.  

The typically referred to four hair follicle types (guard, awl, auchene, and zigzag) are 
representative for pelage hair from the trunk [reviewed in (Sundberg et al., 2005)].  

While melanocytes of dorsal skin are strictly restricted to the hair follicles, in the ear, ventral 
paw, and the tail they can also reside in the IFE [reviewed in (Sarin and Artandi, 2007)]. 

Paw skin presents with a special composition of adnexal structures. It is made up of (a) the 
plantar paw skin without any skin appendages i.e., neither hair follicles nor any glands, and (b) 
the ventral footpads, which lack hair follicles but are the only anatomical region in the mouse 
that contains eccrine sweat glands [reviewed in (Scudamore et al., 2014)].  

Tail skin displays a very characteristic patterning. In tail, hair follicles are arranged in groups 
of three. The IFE around those hair follicle openings is called interscale and follows the regular 
epidermal differentiation program (so-called orthokeratotic differentiation). The remaining IFE 
is called scale and displays a particular differentiation program called parakeratotic 
differentiation. Most importantly, parakeratotic IFE lacks the granular layer and nuclei are 
retained in the cornified layer [reviewed in (Gomez et al., 2013)]. 

Ear skin has gained massive popularity for live imaging as (i) it is very thin, (ii) hair follicles 
grow at a steep angle and thus are located very close to the IFE surface, and (iii) it is rather 
stable against movements caused by breathing [reviewed in (Pineda et al., 2015)]. 

Additionally, differences in the immune composition of the skin at different body sites have 
been observed. For example, numbers of epidermis-resident Langerhans cells and DETCs were 
reported to be significantly reduced in paw and tail skin. Also, dermis-resident immune cells 
showed tissue-specific enrichment i.e., macrophages were enriched in ear and paw skin, mast 
cells were enriched in ear skin, and dermal T cells were enriched in dorsal skin (Tong et al., 
2015). 



 

 31 

1.9 COMPARISON OF HUMAN AND MOUSE SKIN 

The laboratory mouse is the most widely used model organism for biomedical research. This 
is a result of their simple and economical maintenance, fast reproduction, as well as the fact 
that a wide range of transgenic models and mouse-specific reagents and tools are available. But 
of course, mice are much smaller than humans, have a significantly shorter life expectancy, 
and do not efficiently reproduce all aspects of human tissue homeostasis and diseases. The skin 
of large animal models such as the Duroc pig is more similar to human skin, but these animals 
are expensive to maintain, require manipulation training, and lack the extensive 
characterization and tools that are available for mice. Thus, mice are still highly relevant for 
studying skin biology. It is important though, to keep in mind the differences between human 
and mouse skin, which will be summarized below [reviewed in (Wong et al., 2011)]. 

The overall anatomical structure of human and mouse skin is comparable. The skin of both 
species contains hypodermis, dermis, as well as the typical four layers of the stratifying 
epidermis. However, the mouse epidermis of most body areas is much thinner than the human 
epidermis (2-3 layers across <25µm vs. 5-10 layers across >100µm). Mechanical properties 
also show clear differences: while the mouse dermis is thin, compliant, and loose, the human 
dermis is thick, relatively stiff, and adheres to the underlying tissue. Furthermore, the mouse 
epidermal-dermal border is flat, while it is undulating in humans and forms so-called rete 
ridges. While the complete mouse trunk contains a subcutaneous muscle layer (panniculus 
carnosus muscle), humans only retain rudiments of that muscle in the neck region. Moreover, 
human melanocytes are located in the hair follicles and IFE, while they are mostly restricted to 
hair follicles in mice. Eccrine sweat glands cover almost the entire human body surface, while 
in the mouse they are restricted to the footpads [reviewed in (Gudjonsson et al., 2007; Wong 
et al., 2011; Zomer and Trentin, 2018)]. 

The typical hair cycle phases of telogen, anagen, and catagen are shared between humans and 
mice. However, while mouse hair cycles only last weeks and are – at least in the initial postnatal 
hair cycles – synchronized, human hair cycles can last up to years and they are highly 
asynchronous [reviewed in (Braun-Falco et al., 2000; Müller-Röver et al., 2001)]. Moreover, 
mice display a high density of hair follicles on most body sites, while human skin presents 
typically with sparse hair follicles. Also, in mouse skin, the previous hair shaft is retained while 
the new hair shaft is growing, whereas in human skin the old hair shaft is lost in an additional 
hair cycle phase called exogen. Another specialty of human skin is the differentiation between 
unpigmented vellus hair and pigmented terminal hair and the androgen-mediated switch 
between them [reviewed in (Wong et al., 2011; Zomer and Trentin, 2018)].  

The four phases of wound healing described in section 1.7 Cutaneous wound healing are shared 
between human and mice. However, wound contraction, which is an important feature of 
mouse skin, is absent in human skin. Multiple experimental models have been developed that 
employ humanized mice or that prevent wound contraction in mice in order to increase the 
translational value of wound healing studies performed in mice [reviewed in (Wong et al., 
2011; Zomer and Trentin, 2018)]. 
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It has also been recognized that mice display a strong gender difference in skin phenotype. In 
male mice, the dermis is much thicker and firmer than its female counterpart, while epidermis 
and hypodermis are thicker in females. Reports of similar gender differences in humans are 
missing to date [reviewed in (Wong et al., 2011; Zomer and Trentin, 2018)]. 

Importantly, also immunology differs between human and mouse skin. One of the most clear-
cut differences is the absence of DETCs in the human epidermis. Furthermore, human skin 
contains many more memory T cells and far fewer naïve T cells. This mostly reflects the fact 
that laboratory mice are kept under carefully controlled specific pathogen-free conditions and 
thus encounter significantly fewer pathogens throughout their lifetime [reviewed in (Ho and 
Kupper, 2019; Rahmani et al., 2020)]. 
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2 METHODS 
2.1 SINGLE-CELL RNA SEQUENCING 

For the longest time, stem cell research has relied on techniques that study single markers or 
individual parameters. In a typical workflow, expression of individual marker genes would be 
used to define cell populations, which would then be analyzed quantitatively or qualitatively 
using qPCR, as well as antibody-based FACS-analysis and immunohistochemistry. However, 
this approach is intrinsically biased and relies heavily on a priori knowledge. Furthermore, it 
assumes a high degree of homogeneity among the analyzed cell populations. 

Thanks to the recent revolution in the field of transcriptomics, which now allows us to study 
individual transcriptomes of a large number of cells, we have come to realize the cellular 
heterogeneity displayed by complex tissues and developmental processes. In the following 
section, major advances in the experimental and computational approaches for single-cell RNA 
sequencing (scRNA-seq) will be presented and discussed. 

Library preparation: 

High throughput single-cell transcriptomics was pioneered in 2009 by Tang and colleagues 
(Tang et al., 2009). Ever since, a great variety of methods for the generation of single-cell 
transcriptome libraries has been developed. Each of these approaches had to deal with the major 
challenge for obtaining scRNA-seq libraries, i.e., the miniscule amounts of RNA present in 
each cell (10-30pg). Solutions to prevent sample loss include minimized reaction spaces, 
reduced washing steps, and pooling of tagged cDNA from many different cells [reviewed in 
(Chen et al., 2018a)]. 

The general workflow of scRNA-seq library preparation consists of: (1) capturing single cells, 
(2) lysing single cells in separate reaction environments, (3) reverse transcription of the 
released mRNA, second strand synthesis and contemporaneous addition of cell-specific 
identifiers, (4) pooling of tagged cDNAs and cDNA amplification, (5) fragmentation, and (6) 
sequencing (Figure 12) [reviewed in (Chen et al., 2018a)]. However, despite the shared general 
workflow, substantial differences between the specifics of each step can be found in the 
different experimental protocols. 

Figure 12: Typical steps during the library preparation for scRNA-seq [adapted from (Joost, 2019)]. 
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While initial studies still relied on manual cell picking (Islam et al., 2011; Ramsköld et al., 
2012; Tang et al., 2009), the first milestone for increased capturing efficiency was reached with 
the introduction of microfluidic systems, such as the Fluidigm C1 chip (Islam et al., 2014), and 
with the adaptation of library preparation protocols for FACS-isolated cells in 384 well plates 
(Jaitin et al., 2014). Throughput was increased even more with the introduction of droplet-
based microfluidic systems, in which single droplets function as reaction environments (Klein 
et al., 2015; Macosko et al., 2015). The Chromium system by 10x Genomics is a 
commercialized droplet-based platform, that has gained widespread popularity for its ease of 
use. Similar throughput is achieved by nanowell-based methods (Gierahn et al., 2017). 
Currently, split-pool barcoding achieves the highest cell numbers (hundreds of thousands of 
transcriptomes from one experiment) (Rosenberg et al., 2018). 

Once cells are captured and lysed, mRNA needs to be transcribed into cDNA. Most scRNA-
seq protocols initiate reverse transcription with oligo-dT primers that selectively target mRNA. 
Second strand synthesis is usually performed with the help of template switching oligos. This 
allows for the incorporation of additional sequences such as primer binding sites and 
sequencing adapters into the second strand of the cDNA. Alternatively, RNase H, DNA 
polymerase I, or terminal transferase can be used. Due to the low amount of cDNA that is 
retrieved from each single-cell reaction, cDNA has to be strongly amplified. This is most 
commonly done by PCR using the primer binding sites that were introduced during second 
strand synthesis. However, PCR is prone to amplification bias, i.e., different cDNA molecules 
might get amplified with different efficiency. To counteract amplification bias, many protocols 
employ so-called unique molecular identifiers (UMIs). UMIs are short randomized 
oligonucleotide sequences that are introduced into each cDNA molecule during reverse 
transcription or second strand synthesis. They make it possible to link each sequencing read to 
the original cDNA molecule, and thus alleviate the effect of amplification bias and sequencing 
errors (Islam et al., 2014). Another added sequence is the cellular barcode, which is usually 
introduced during reverse transcription, second strand synthesis, or after amplification. Finally, 
barcoded cDNA libraries of all cells can be pooled and processed for sequencing. Next-
generation sequencing technologies require fragmentation of libraries and the addition of 
adapter sequences. Fragmentation is usually done enzymatically, physically, or with the help 
of transposomes (also called tagmentation) [reviewed in (Chen et al., 2018a)]. 

While the majority of scRNA-seq protocols produce cDNA libraries covering the full-length 
of mRNAs, most methods only sequence either the 5’-end or the 3’end of each fragment to 
reduce costs. This still suffices to determine the transcript abundance of all mRNA molecules 
expressed in a particular cell. However, it prevents more in-depth analysis such as the detection 
of splice isoforms or single nucleotide polymorphisms. Another disadvantage is that libraries 
are sparser than those derived from protocols with full-length coverage; full-length coverage 
in this case means that cDNA libraries are still fragmented, but that the full length of the 
fragments is sequenced. A major disadvantage of previous full-length protocols such as Smart-
seq and Smart-seq2 has been their lack of UMI sequences (Picelli et al., 2014; Ramsköld et al., 
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2012). However, the recently introduced Smart-seq3 protocol now combines full-length gene 
coverage with UMIs (Hagemann-Jensen et al., 2020). 

Sequencing of scRNA-seq libraries is usually performed on Illumina sequencing platforms, 
which results in high throughput and cost-effective short reads (Bentley et al., 2008). However, 
there are also sequencing platforms (e.g., Pacific Biosciences) for non-fragmented, full-length 
cDNA (Sharon et al., 2013), as well as sequencing platforms (e.g., Oxford Nanopore) that can 
directly sequence mRNA molecules (Oikonomopoulos et al., 2016). 

After sequencing, the produced reads have to be demultiplexed based on their cellular barcodes, 
they have to be aligned to the reference genome, and in the case of UMI-based protocols, data 
can be demultiplexed even more to obtain absolute count data. 

While much of the method development efforts over the years have focused on increasing 
throughput while reducing the sequencing costs per cell, we have now come to a point where 
datasets of several hundred-thousand cells are not uncommon anymore. It is thus time to 
reconsider the optimal ratio of sampling depth and cell number as well as to determine if 
cellular heterogeneity is better captured by sampling many cells from few individuals or fewer 
cells from many individuals [(Bhaduri et al., 2018), and reviewed in (Tanay and Regev, 2017)]. 

In Paper I and IV, the microfluidics-based STRT-C1 protocol was utilized to analyze 
hundreds of cells. In Paper II and III, the droplet-based 10x Genomics Chromium system was 
utilized to analyze thousands of cells. 

Data analysis: 

Along with the advances in scRNA-seq protocols, computational methods had to learn the 
characteristics of scRNA-seq data (such as extraordinary sparsity) and find ways to 
accommodate them. The toolbox for scRNA-seq analysis has been expanding ever since the 
introduction of scRNA-seq. With the increased popularity and availability of scRNA-seq, 
efforts also went into facilitating scRNA-seq analysis by developing integrated pipelines; 
especially Seurat (in the R programming language) and Scanpy (in the Python programming 
language) are worth highlighting (Butler et al., 2018; Wolf et al., 2018). Furthermore, best-
practice guides have become available to sensitize for common mistakes and to aid in decision-
making during the data analysis workflow (Figure 13) (Luecken and Theis, 2019). 
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Figure 13: Typical steps during the analysis of scRNA-seq data. 

Preprocessing is the initial step of scRNA-seq analysis and usually includes quality control, 
normalization, data correction and integration, feature selection, and dimensionality reduction 
[reviewed in (Luecken and Theis, 2019; Wagner et al., 2016)]. During quality control, low-
quality cells are typically excluded based on count depth, number of detected genes, and/or 
percentage of mitochondrial reads. This aims at removing low-quality cells as well as cell 
doublets. Normalization tries to remove cell-to-cell variation caused by differences in 
sequencing depth, capture efficiency, or other technical confounders. Most commonly, count 
depth scaling is used to obtain correct relative gene expression abundances between cells. 
However, this method is based on the assumption that all cells within a dataset originally 
contained an equal amount of mRNA molecules, which is rather unlikely in heterogeneous 
datasets. Pool-based size factor normalization does not share this assumption, and thus might 
be better suited for heterogenous scRNA-seq datasets (Lun et al., 2016). Lately, also non-linear 
normalization techniques such as SCtransform have been suggested (Hafemeister and Satija, 
2019). In the next step, normalized data is usually loge(x+1)-transformed which reduces the 
skewness of the data and better approximates the assumption of many downstream analysis 
methods that the data is normally distributed.  

At this point, normalized data might still contain unwanted variability caused by technical 
covariates (e.g., batch) as well as biological covariates (e.g., cell cycle). Fitting linear regression 
models with the covariates as predictors is a common approach to remove unwanted variability 
that might hide the biological information that is of interest. The challenge though is to remove 
covariates while preserving the key biological differences. More recently, a number of 
advanced integration methods have been developed that even allow for the integration of 
multimodal datasets (Butler et al., 2018; Haghverdi et al., 2018; Hie et al., 2019; Polański et 
al., 2020). Furthermore, imputation methods have been developed to deal with dropout events. 
Imputation methods use co-expression patterns across cells to obtain expression estimates that 
can be used for downstream analysis instead of the measured zero-inflated expression levels 
(van Dijk et al., 2018; Eraslan et al., 2019).  

In Paper I, we did not use any data normalization. In Paper II, data was normalized using the 
pool-based size factor. In Paper III, data was normalized using count depth scaling. 
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Additionally, linear regression and BBKNN (batch balanced k-nearest neighbors) were 
performed to correct for batch effects. In Paper IV, data was normalized using count depth 
scaling. 

Feature selection is the next critical step in the scRNA-seq analysis pipeline. It aims at selecting 
the most informative genes that explain most of the variability within the dataset. Typically, 
1000-5000 highly variable genes (HVGs) are selected based on their variance-to-mean ratio. 
An alternative approach selects those genes that have the highest dropout rate given their mean 
expression level (Andrews and Hemberg, 2019). To further reduce the complexity of the 
dataset before clustering, dimensionality reduction using principal component analysis (PCA) 
is commonly performed. This reduces calculation time in subsequent analysis steps but also 
alleviates problems linked to zero-inflation and transcriptional variation. Dimensionality 
reduction is also performed to allow for the visualization of highly complex datasets in 2D 
space. The most common choices for visualization are t-distributed stochastic neighbor 
embedding (t-SNE) (van der Maaten and Hinton, 2008) and uniform manifold approximation 
and projection (UMAP) (McInnes et al., 2018). Furthermore, diffusion maps are oftentimes 
used when modeling cellular trajectories, as they more faithfully capture gradual identity 
changes (Haghverdi et al., 2015).  

In Paper I and IV, we identified HVGs based on the variance-to-mean ratio and exclusively 
used t-SNE to visualize the data and as input for trajectory reconstruction. In Paper II and III 
visualization was done with UMAP and t-SNE in parallel, while trajectory reconstruction was 
based on diffusion maps. HVGs were identified based on the variance-to-mean-ratio (Paper 
II) or dropout-to-mean-ratio (Paper III), respectively. 

To identify distinct cell populations, it is common practice to perform unsupervised clustering 
on single-cell transcriptomes. There are two major categories of clustering algorithms. The first 
one represents machine learning algorithms such as hierarchical clustering, affinity 
propagation, and k-means clustering. They are well established but assume roughly equally 
sized clusters. The second category includes graph-based algorithms such as Louvain and 
Leiden that focus on community detection within networks. Their major advantages are that 
they scale well with large datasets and they excel at identifying cell populations of different 
sizes and densities. However, they rely on effective representation of the data in a k-nearest 
neighbor (kNN) graph [reviewed in (Andrews and Hemberg, 2018)]. To further characterize 
identified cell populations, differentially expressed genes for each cell population are 
identified. This is classically done using parametric or nonparametric statistical tests such as 
the t-test or the Wilcoxon rank-sum test. However, it can also be done using alternative 
approaches, such as e.g. negative binomial Bayesian regression approaches or approaches 
originally developed for bulk RNA-seq such as limma and DESeq2 [reviewed in (Luecken and 
Theis, 2019)]. 

In Paper I, we employed affinity propagation. In Paper II, we employed affinity propagation 
and validated clustering results with Louvain clustering. In Paper III, a combination of 
hierarchical clustering and Leiden clustering was used. In Paper IV, k-means clustering was 
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performed. DEG identification was based on a negative binomial Bayesian regression approach 
(Paper I and IV) or the Wilcoxon rank-sum test (Paper II and III), respectively. 

While the identification of discrete cell populations is very useful to understand tissue 
heterogeneity, many processes in living organisms are continuous rather than discrete. scRNA-
seq data is particularly well suited to analyze gradual identity changes such as developmental 
processes, homeostatic differentiation processes, as well as injury-induced regenerative 
processes. While developmental and regenerative processes might require sampling on 
multiple consecutive time points, homeostatic differentiation processes usually can be captured 
with a single sampling time point. This is because those processes most often are not 
synchronized so that cells from different stages of the process co-exist within tissue and 
scRNA-seq is able to resolve them. Multiple computational tools have been developed to infer 
and model cellular trajectories. They have in common that they order single-cell transcriptomes 
along a unidirectional or branching axis (so-called pseudotime), which can subsequently be 
used to model gene expression along the pseudotime and to identify regulatory networks and 
transcription factors critical for the process [reviewed in (Saelens et al., 2019; Wagner et al., 
2016)]. Algorithms such as Monocle (Trapnell et al., 2014) construct a so-called minimum 
spanning tree in dimensionality-reduced space, while algorithms such as Wanderlust (Bendall 
et al., 2014) or diffusion pseudotime (Haghverdi et al., 2016) perform random walks through 
kNN networks. The decision on an algorithm for trajectory inference should be based primarily 
on the dataset dimensions as well as the trajectory topology. 

A major limitation of most lineage reconstruction methods is that they cannot assign 
directionality to the obtained cellular trajectories. Thus, RNA velocity, which was presented in 
2018, represents a novel exciting tool that complements traditional lineage reconstruction 
methods by considering data from spliced and unspliced transcripts (Bergen et al., 2020; La 
Manno et al., 2018). RNA velocity is based on the notion, that expression of unspliced 
transcripts of gene X precedes the expression of spliced transcripts of that same gene X because 
it takes some time to splice newly transcribed transcripts. Thus, unspliced transcripts are 
assumed to reflect a later stage of the cell and they allow for the inference of directionality in 
differentiation processes. 

Besides trajectory inference, scRNA-seq also provides the opportunity to study interactions 
between different cell types. This is commonly done by identifying potential receptor-ligand 
pairs between different cell populations (Cabello-Aguilar et al., 2020; Efremova et al., 2020). 

In Paper I and IV, a modified version of Monocle was used to infer IFE differentiation (Paper 
I) as well as gradual identity changes of epidermal stem cells during cutaneous wound healing 
(Paper IV). In Paper II and III, we employ a combination of diffusion pseudotime and RNA 
velocity to model hair follicle matrix differentiation (Paper II) and differentiation of 
embryonic fibroblasts and keratinocytes (Paper III). Additionally, in Paper II, III, and IV, a 
receptor-ligand analysis was performed using a custom pipeline. 
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2.2 SPATIALLY RESOLVED TRANSCRIPTOMICS 

To properly understand the complex network of diverse cell types and their functions within 
tissues and organs, both gene expression as well as spatial context, are of utmost importance. 
Only the combination of those two enables us to robustly assign cell types, understand where 
they are placed within a tissue, and unveil which other cells surround them. In situ stainings 
are also important to validate annotated cell populations i.e., ensuring that the computationally 
identified cell populations are correct and meaningful. During the last decade, a number of 
experimental and computational methods have been developed that allow us to link positional 
information with gene expression data. Some of the major methods as well as their limitations 
will be presented hereafter. 

The roots of in situ transcriptomics lie in a method called in situ hybridization (ISH), which 
was pioneered by Gall and Pardue in 1969 (Gall and Pardue, 1969). Since then, radio-labeled 
probes have been replaced by fluorescent or chromogenic probes and a plethora of molecular 
techniques have been developed that significantly advanced the detection of mRNA in situ 
[reviewed in (Pichon et al., 2018)].  

One of the major milestones in mRNA in situ detection was the development of single-
molecule fluorescent ISH methods (smFISH) which came with a major increase in sensitivity 
and specificity. The key to success was to utilize much shorter probes for targeting the RNA 
of interest (10-50 nucleotides instead of kilobase-long probes) so that several probes can bind 
to the same mRNA molecule. Furthermore, the different smFISH methods have developed 
different signal amplification schemes. This leads to a significant increase in local signal 
strength compared to traditional FISH, which enables the detection of single mRNA molecules. 
Among the most popular amplification approaches are hybridization chain reaction (HCR), 
branched DNA (bDNA) amplification, and rolling circle amplification (RCA) (Figure 14) 
[reviewed in (Pichon et al., 2018)].  

Figure 14: Different amplification strategies for single-molecule FISH (smFISH) methods.  
HCR: hybridization chain reaction. bDNA: branched DNA. RCA: rolling circle amplification. 

In HCR, an initiator probe hybridizes to the RNA target and triggers the self-assembly of 
fluorescently-labeled RNA hairpin reporters (Choi et al., 2010). 
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In bDNA-based technologies, a number of self-complementary probes build a DNA tree with 
multiple levels of amplification, and only the final amplification oligonucleotide is 
fluorescently labeled (Kern et al., 1996; Player et al., 2001). This approach is commercialized 
through the RNAscope platform. Newer versions (RNAscope v2) combine this tree-approach 
with tyramide signal amplification that increases the local density of fluorophores even more 
(Wang et al., 2012). 

RCA-based approaches are mostly based on so-called padlock probes i.e., oligonucleotides 
whose two end sequences bind to the reverse-transcribed target sequence and are joined 
together by high-fidelity DNA ligases. This results in a closed, single-stranded DNA circle that 
serves as the template for phi29 DNA polymerase-mediated RCA which results in a 
micrometer-sized bundle of DNA. As the amplified DNA contains detection sites for 
fluorescently-labeled detection oligos, a strong local fluorescent signal can be obtained from 
each RCA-product (Larsson et al., 2010; Nilsson et al., 1994). Notably, mismatches at the 
ligation site are not tolerated, which enables classical padlock probe-based assays to resolve 
single nucleotide polymorphisms (SNPs) and point mutations (Grundberg et al., 2013). 

The most limiting step in padlock probe-based assays when it comes to sensitivity is the 
generation of cDNA by reverse transcription (RT). RT on fixed tissue sections is both 
inefficient and costly. Nevertheless, it is required because conventional DNA ligases show only 
minor activity on DNA/RNA hybrids such as the DNA padlock probe bound directly to the 
RNA target. Two recent methods managed to circumvent RT. clampFISH utilizes click-
chemistry to ligate DNA probes after direct hybridization to RNA targets (Rouhanifard et al., 
2019). SCRINSHOT takes advantage of the SplintR ligase which shows good activity on 
DNA/RNA hybrids (Sountoulidis et al., 2020). Moreover, those two methods increase the 
throughput through sequential detection rounds. 

To increase multiplexing even more, seqFISH (Lubeck et al., 2014) employs combinatorial 
barcoding. Each targeted transcript is encoded by a unique color sequence that is read out over 
multiple imaging rounds. Using temporal barcoding, the number of resolvable targets scales 
with the number of fluorophores and the number of imaging rounds. However, to obtain good 
results, images of the subsequent rounds have to be reliably aligned to allow for faithful 
decoding of the transcript. Thus, the more detection rounds are included, the more likely it 
becomes that targets are misidentified. To counteract this drawback, error-correction schemes 
such as the Hamming distance-based error correction were incorporated in methods such as 
MERFISH (Chen et al., 2015).  

The remaining challenges mostly revolve around auto-fluorescence, spatial crowding within 
cells, the large number of gene-specific probes that are required, and the necessity for complex 
algorithms for image analysis [reviewed in (Lein et al., 2017; Mayr et al., 2019)]. Approaches 
to overcome those challenges include clearing (Moffitt et al., 2016), expansion microscopy 
(Chen et al., 2016), and signal amplification (Shah et al., 2016). 
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In addition to the aforementioned smFISH methods, a number of in situ sequencing approaches 
have been developed.  

In situ sequencing (ISS) was originally developed by the Nilsson lab and sequencing-by-
ligation is performed either on a barcode in the padlock probe backbone or on a gap-filled 
sequence that is complementary to the target sequence (Ke et al., 2013). It is a powerful method, 
but due to the short sequencing read length (4 nucleotides) and the size of the RCA products, 
the number of targets is still limited. 

BaristaSeq (Chen et al., 2018b) builds on ISS but read-length was increased to 15 nucleotides 
and instead of sequencing-by-ligation Illumina sequencing chemistry is used.  

STARmap (Wang et al., 2018) avoids RT by utilizing a duplex consisting of a padlock probe 
and a primer binding right next to the padlock probe. It furthermore relies on hydrogel-tissue 
chemistry, clearing of lipids and proteins, and sequencing-by-ligation. STARmap has been 
successfully used to visualize up to 1000 genes within intact tissue sections. 

FISSEQ (Lee et al., 2014) employs RCA without utilizing padlock probes. cDNA is cross-
linked to its cellular environment, circularized, and then RCA is performed on the circularized 
cDNA fragments. Importantly, this makes FISSEQ unique from all the previously described 
methods because it presents a truly untargeted approach that does not rely on a priori chosen 
probes. However, spatial crowding within a cell prohibits the use of FISSEQ for whole 
transcriptome analysis. 

Truly transcriptome-wide approaches include Geo-seq and spatial transcriptomics.  

Geo-seq (Chen et al., 2017) combines laser capture microdissection of a small number of cells 
from a specified region in the tissue with scRNA-seq. It results in single-cell transcriptomes 
without losing all the spatial information, but it is very labor-intensive and requires prior 
knowledge to decide on the dissected region.  

Spatial transcriptomics (Ståhl et al., 2016) instead, provides a truly unbiased approach. Thin 
tissue sections are placed on glass slides with immobilized capture beads containing oligo-dT 
primers. Each spot on the glass slide has a unique positional barcode sequence. Tissue is 
imaged to capture the morphological characteristics and subsequently cells are permeabilized 
so that mRNA is released and can hybridize to the capture beads. After reverse transcription, 
sequencing libraries are generated. Importantly, each of the obtained transcriptomes can be 
traced back to its original location within the tissue. A major limitation of the first generation 
of spatial transcriptomics is the spot size. Individual spots have a diameter of 100µm and thus 
capture tens of cells. Thus, while spatial transcriptomics is truly unbiased and transcriptome-
wide it does not yet achieve single-cell resolution. However, the commercialized Visum 
technology (10x Genomics) already decreased spot diameter to 55µm and bead-based 
approaches such as Slide-seq (Rodriques et al., 2019) and HDST (Vickovic et al., 2019) as well 
as photolithography are promising developments that might allow for a continued increase in 
resolution [reviewed in (Larsson et al., 2021)]. 
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In addition to this wealth of experimental approaches, there are also computational approaches 
that aim at reconstructing spatial data from scRNA-seq data with the help of ISH atlases 
(Achim et al., 2015; Halpern et al., 2017; Karaiskos et al., 2017; Satija et al., 2015). The atlases 
are used to generate spatial gene expression reference maps to which single-cell transcriptomes 
can be mapped based on gene expression profile matches. However, these approaches require 
the existence of ISH atlases. A novel approach named novoSpaRc aims to computationally 
infer spatial organization even in the absence of known expression patterns of landmark genes, 
however applicability for complex tissue architectures is still limited (Nitzan et al., 2019). 

Lastly, it is important to put the sensitivity of the different methods into context. scRNA-seq 
covers the whole transcriptome and detects between 5 and 40 % of all transcribed mRNA 
molecules, depending on the sequencing depth and chosen technology. smFISH can at its best 
detect almost 100 % of mRNA molecules but only for a limited number of target genes. In situ 
barcode sequencing can capture about 5 % of transcribed mRNAs for an intermediate number 
of genes. And FISSEQ can in principle detect all cellular transcripts but suffers from very low 
sensitivity (approximately 0.01 %) [reviewed in (Lein et al., 2017)]. 

Taken together, methods for capturing spatial information alongside single-cell sequencing 
information, have greatly advanced in the past decade and have brought together the previously 
separated worlds of imaging and sequencing. 

All papers included in this thesis build on the powerful combination of transcriptome-wide 
information from scRNA-seq and spatial information obtained from smFISH stainings. In 
Paper I, a bDNA-based smFISH method (RNAscope v1) was used to map identified cell 
populations back to the tissue using selected marker genes. In Paper II, III, and IV, the 
improved version of RNAscope (v2) was used that combines bDNA-based smFISH with TSA 
signal amplification. 

2.3 LINEAGE TRACING MOUSE MODELS 

One of the central questions in stem cell research is to understand to which lineages the 
offspring of a given stem or progenitor cell can contribute. Genetic lineage tracing models have 
been indispensable for answering this question for a wide variety of stem and progenitor cells. 

The majority of lineage tracing models rely on the combined expression of a driver 
recombinase under a tissue- or cell-type specific promoter and a reporter gene (most often a 
fluorescent marker or b-galactosidase) under a ubiquitous promoter (usually the Rosa26 locus 
(Soriano, 1999)). In the absence of the recombinase, expression of the reporter gene is 
prohibited by a STOP sequence. Only in the presence of the recombinase, recombination 
happens, and the STOP sequence is removed. Importantly, this leads to reporter gene 
expression not only in the recombined cell but also in all descendent cells; thus, the method is 
called lineage tracing (Figure 15). 

Lineage tracing methods can be broadly divided into two. In constitutive lineage tracings, the 
driver recombinase is permanently expressed in a tissue and is activating expression of the 
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reporter gene whenever the tissue- or cell-type specific promoter becomes activated. In 
contrast, inducible lineage tracing is achieved with a modified driver recombinase, which 
requires an external stimulus (e.g., heat or a drug) to relocate to the nucleus where it can activate 
reporter gene expression. This allows researchers to mark cells at a very specific time point and 
thus facilitates more advanced experimental settings [reviewed in (Kretzschmar and Watt, 
2012; McKenna and Gagnon, 2019)].  

During the past two decades, the Cre-LoxP-system has been the most widely used lineage 
tracing system in mice [reviewed in (Sauer, 1998)]. Cre recombinase enables constitutive 
lineage tracing via removal of a STOP cassette that is flanked by two LoxP sites, while the 
modified CreERT2 allows for inducible lineage tracing that is initiated through the supply of 
tamoxifen (Feil et al., 1997).  

Figure 15: Exemplary inducible lineage tracing experiment as used in Paper III and IV.  
Inducible CreERT2 recombinase is expressed under a cell type-specific or tissue-specific promoter and 

accumulates in the cytoplasm. Only upon the addition of tamoxifen (TMX), it can relocate to the nucleus and 
achieve recombination. Recombination allows a reporter gene (in our case the fluorescent protein tdTomato)  

to be expressed under a ubiquitous promoter (in our case Rosa26). 

When using drugs like tamoxifen to induce lineage tracing it is important to keep in mind that 
those agents themselves may cause side effects and alter the studied process or perturb 
homeostasis of the studied tissue. It is thus important to always include appropriate controls 
and to titrate the drug to the minimal dose that still achieves reliable labeling (Bhatia et al., 
2010). 

Lineage tracings have been refined in a number of ways. One of the most popular systems 
relies on the combinatorial expression of fluorescent proteins, which allows for the marking of 
multiple clonal populations (Livet et al., 2007). Lately, a novel set of single-cell genetic lineage 
tracing strategies have been developed that make it feasible to solve much more complex 
lineage trees than with traditional lineage tracings systems. These methods employ viral 
barcodes, the Polylox mouse model, or tracking of somatic mutations in combination with 
single-cell DNA sequencing [reviewed in (Kester and van Oudenaarden, 2018)]. Recently, a 
CRISPR/Cas9-based mouse line has been generated that allows for developmental barcoding 
(Kalhor et al., 2018). Most likely, in the soon future it will be combined with transcriptome-
coupled single-cell readouts.  
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In Paper III and Paper IV, an inducible Cre-LoxP-based lineage tracing system was utilized 
with CreERT2 recombinase and the highly sensitive reporter gene tdTomato. In Paper III, 
lineage tracing was used to explore the developmental contribution of a specific 
mesenchymal subpopulation (Gata6+ fibroblasts). In Paper IV, specific epithelial stem cells 
(Lgr5+ and Lgr6+ keratinocytes, respectively) and their progeny were fluorescently labeled 
and FACS-sorted to allow for their molecular analysis with scRNA-seq. 
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3 KEY QUESTIONS OF THE APPENDED PAPERS 
This thesis aimed to understand the molecular and cellular heterogeneity, the spatial 
organization, and the dynamic nature of mouse skin during adult tissue homeostasis, embryonic 
development, and tissue regeneration after injury.  

Mammalian epidermis consists of the interfollicular epidermis that undergoes a stereotypic 
stratification program and the hair follicle which contains multiple compartments with distinct 
stem cell populations. In Paper I, we addressed the following key questions 

• How heterogenous are epidermal cells?  
• Which factors determine epidermal heterogeneity?  
• Is epidermal heterogeneity better described by gradients or distinct compartments? 
• How does the molecular program of epidermal stratification look like? 
• What confers stem cell identity to previously identified epidermal stem cell 

populations? 

Hair follicles undergo cyclical renewal that requires epidermal remodeling to achieve hair 
production, but also massive reconstruction of the stromal compartment to accommodate the 
enlarged hair follicles. In Paper II, we addressed the following key questions 

• How is skin remodeled to accommodate hair growth?  
• Is this process accomplished through the same cell types that maintain skin at rest, or 

does it require altered cellular states or even differentiation of new cell types in both 
epidermis and stroma? 

• How do matrix cells achieve production of the inner hair follicle lineages? 

In the embryo, epidermal stratification and hair follicle induction is preceded by maturation of 
the stromal compartment. In Paper III, we addressed the following key questions 

• How heterogenous are dermal fibroblasts during early skin development?  
• How do embryonic fibroblasts support skin maturation? 
• Which microenvironmental changes occur before the epidermis stratifies and forms 

appendages?  
• Is there molecular heterogeneity in the epidermis prior to hair follicle induction? 

Re-epithelialization is the most crucial step during cutaneous wound healing as it re-establishes 
the epidermal barrier. In Paper IV, we addressed the following key questions 

• Do progeny from different epithelial stem cell niches that are recruited to the wound 
site acquire a common transcriptional program?  

• How do hair follicle cells adapt in order to become wound front and long-term wound 
epidermis progenitor cells?  

• When and where during wound healing do the critical changes to cellular identity 
occur?
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4 KEY RESULTS OF THE APPENDED PAPERS 
The papers included in this thesis together draw a detailed molecular picture of mouse skin 
during adult tissue homeostasis (Paper I and II), embryonic development (Paper III), and 
tissue regeneration after injury (Paper IV). They reveal uncharted heterogeneity and allow us 
to explore how stem cell identity is shaped and how regenerative processes are orchestrated. In 
the following, I will present the major findings for each of the included studies. 

4.1 PAPER I: MOLECULAR HETEROGENEITY OF MOUSE SKIN DURING 
REST (TISSUE HOMEOSTASIS) 

New concepts and results: First-ever scRNA-seq dataset of skin. Continuous rather than 
discrete signatures shape transcriptional heterogeneity in the epidermis. A very basal identity 
is what unites epidermal stem cells residing in different niches. 

This study represents the first whole-transcriptome study of skin at the single-cell level. Using 
the STRT-C1 platform, cells from the epidermal compartment of resting, mouse skin (telogen; 
8 weeks of age) were analyzed. A major achievement of Paper I was to set up scRNA-seq for 
keratinocytes. By virtue of their physical properties, such as being very sticky, keratinocytes 
are inherently difficult targets for capturing and library preparation for scRNA-seq. Successful 
scRNA-seq led to 1 422 single-cell transcriptomes derived from 19 mice.  

These cells could be assigned to 13 main populations reflecting heterogeneity within the 
interfollicular epidermis (5 populations), the upper hair follicle (3 populations), and the lower 
hair follicle (2 populations). Additionally, sebaceous gland cells and epidermis-resident 
immune cells, i.e., Langerhans and gd T cells, were also captured. Further subclustering 
revealed additional, more subtle differences in gene expression and e.g. novel cell populations 
lining the sebaceous gland opening that could potentially play a critical role in protecting the 
hair follicle bulge against microorganisms (Figure 16A). Importantly clustering was performed 
unsupervised without taking into account any prior knowledge. This allowed for truly unbiased 
exploration of the epidermal transcriptional landscape. As the spatial context is lost during 
scRNA-seq a major effort was undertaken to map back every single population to a specific 
region within the skin with the help of protein and mRNA stainings (immunohistochemistry 
and smFISH, respectively). 

Intriguingly, despite the multitude of subpopulations, more than 95 % of the heterogeneity 
among epidermal cells could be explained along two axes (Figure 16B). The first axis (termed 
‘pseudotime’) reflects the epidermal differentiation program, which was derived from IFE 
cells. Surprisingly, pseudotime-dependent gene expression can also be observed in the hair 
follicle suggesting that the differentiation program is universal for almost all epidermal 
keratinocytes in resting skin. The second axis (termed ‘pseudospace’) captures the gradual gene 
expression changes along the proximal-distal axis of the hair follicle. Pseudospace also 
illustrates that at least on the transcriptional level, cell populations in the hair follicle are 
characterized by gradients rather than strict boundaries. This is also reflected in the observation 
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that cell populations located at the border of compartments often show overlapping gene 
signatures. 

Figure 16: (A) Cellular heterogeneity among keratinocytes of the telogen hair follicle uncovered by scRNA-seq. 
HF: hair follicle. SG: sebaceous gland. uHF: upper hair follicle. OB: outer bulge. IB: inner bulge.  

(B) The majority of transcriptional heterogeneity among epidermal cells can be explained by a model containing 
only two predictors: pseudotime and pseudospace [adapted from (Joost et al., 2016)] 

As stem cell markers such as Cd34, Gli1, Lrig1, Lgr5, Lgr6, and high Krt14 have been widely 
adopted in the skin field, we wondered if there is a stem cell-unifying transcriptional signature 
that sets them apart from other basal keratinocytes not expressing any of those stem cell 
markers. It turned out that stem cell marker-expressing basal keratinocytes all share a very basal 
gene signature, while most of the variation between them can be ascribed to the spatial 
signature of the niche in which they reside. This supports the idea that any basal cell could be 
a stem cell and that stem cells should be defined by function, rather than by stem cell markers. 

Taken together, the results of Paper I provide the most systematic and in-depth analysis of 
gene expression in the skin at the time of publication and paint a detailed picture of how cellular 
heterogeneity can be orchestrated in vivo to assure tissue homeostasis. 

4.2 PAPER II: MOLECULAR HETEROGENEITY OF MOUSE SKIN DURING 
HAIR GROWTH (TISSUE HOMEOSTASIS) 

New concepts and results: Most comprehensive characterization of full-thickness anagen and 
telogen mouse skin to date. Companion layer – classically considered an inner hair follicle 
lineage – transcriptionally resembles outer hair follicle lineages. Evidence for 
transcriptionally uncommitted matrix progenitors. Modeling of gene expression changes 
during inner lineage differentiation. 

This study generated a systematic scRNA-seq-based molecular atlas of full-thickness skin 
during rest (telogen, 9 weeks of age) and growth (anagen, 5 weeks of age), which captures the 
process of hair growth. Epidermal and stromal cell types were included to represent the intricate 
interplay of multiple cell types that shapes the physiology of mouse skin as well as to study 
how stromal cell types help to accommodate hair growth. 
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Full-thickness mouse skin was dissociated, and single cells were randomly captured using the 
10x Genomics Chromium system. Two datasets were generated (main dataset and validation 
dataset), each containing more than 5 000 cells. The following major cell classes were 
identified in the combined dataset: epidermal cells (including IFE cells, the permanent part of 
the hair follicle, and the cycling part of the hair follicle), fibroblasts and fibroblast-derived cells 
(dermal sheath and dermal papilla), vascular cells (vascular and lymphatic endothelial cells and 
vascular smooth muscle cells), immune cells (Langerhans cells, T cells, macrophages), neural 
crest-derived cells (Schwann cells and melanocytes), skeletal muscle cells, and red blood cells. 
Subclustering revealed more than 50 robust cell populations. 

To understand how the skin both achieves and accommodates hair growth, we checked for the 
enrichment of cell types in anagen or telogen skin, respectively. The abundance of most cell 
populations was unchanged between anagen and telogen. However, secondary hair germ was 
exclusively found in telogen (as expected), while the anagen hair follicle, melanocytes, and 
some fibroblast subtypes showed substantial remodeling and enrichment in anagen. Some cell 
populations such as IFE cells and the permanent part of the hair follicle did not necessarily 
change in abundance, but increased proliferation and metabolic activity following telogen-to-
anagen transition.  

Next, we focused on the cycling part of the hair follicle – a highly heterogeneous structure. As 
the anagen hair follicle is traditionally described to be composed of inner and outer layers, we 
expected to find two major keratinocyte subgroups. Instead, we found three.  

As it turned out, the outer layer cells could be divided into two transcriptionally highly distinct 
clusters of cells, that at least in the mature anagen follicle do not seem to transition to each 
other and that possess differential ability to signal with the stromal compartment. These two 
distinct groups could be annotated as basal outer layer cells (including two basal ORS clusters 
as well as the lower proximal cup) and suprabasal outer layer cells (including one suprabasal 
ORS cluster, mid-part companion layer, and upper companion layer). That the companion layer 
cells cluster with the outer lineages is highly surprising as the companion layer is classically 
considered one of the seven inner lineages of the anagen hair follicle. 

The inner layers displayed a branching architecture with a central hub of matrix cells and three 
differentiating branches representing the IRS lineage, the Cortex/Cuticle lineages, and the 
Medulla lineage (Figure 17). RNA velocity as well as Markov modeling revealed that matrix 
cells are transcriptionally still uncommitted. Clear lineage commitment did only happen at the 
root of the branches. We furthermore uncovered that cells upon commitment 
contemporaneously exit the cell cycle and induce an intermediate molecular program, which 
ensures cell differentiation along a specific lineage. This intermediate molecular program 
encompasses genes that are neither found in progenitors nor in terminally differentiated cells. 
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Figure 17: Scheme showcasing inner lineage differentiation from uncommitted matrix cells via intermediate 
stages. Overlaid on UMAP of Msx2+ cells from Paper II (Figure 4). IRS: Inner root sheath.  

Cx: Cortex. Cu: Cuticle. Intermed.: Intermediate [adapted from (Joost, 2019)] 

Lastly, we focused on skin fibroblasts. They separated into four populations and displayed a 
gradual topology including a significant overlap of gene signatures. We found that fibroblast 
populations showed spatial separation along the proximal-distal axis (from adventitia via 
hypodermis to the dermis). However, two populations colocalized to the dermis. Instead of 
being spatially segregated, they were temporally segregated. We came to the conclusion that 
these two populations represent cell states rather than distinct cell types, as most likely they 
represent the same fibroblasts that transiently alter the expression of specific genes in response 
to the hair cycle. 

Altogether, Paper II resulted in the most comprehensive characterization of full-thickness 
anagen and telogen mouse skin to date. 

4.3 PAPER III: MOLECULAR HETEROGENEITY AND DYNAMICS OF MOUSE 
SKIN DURING EMBRYONIC DEVELOPMENT (MORPHOGENESIS) 

New concepts and results: Molecular and functional fibroblast heterogeneity much earlier 
than previously assumed. Acute loss of Wnt inhibitors marks dermal condensate formation. 
Embryonic skin is rich in dermal dendritic cells. The early epidermis contains a signaling-rich, 
highly distinct subpopulation expressing smooth muscle genes. 

This study aimed at dissecting early embryonic skin development in the mouse. Using scRNA-
seq (10x Genomics Chromium system) and smFISH, we analyzed three consecutive 
developmental time points (E12.5, E13.5, and E14.5). This gave us temporal resolution, to see 
e.g., if certain cell populations only appear at certain time points, as well as spatial resolution, 
to see e.g., if certain cell populations migrate to their final location during the analyzed time 
points. 

The full dataset contained more than 30 000 single-cell transcriptomes with about 26 000 
transcriptomes coming from fibroblasts, while the remaining transcriptomes represented 
epidermal cells, immune cells, muscle cells, neural crest-derived cells, and vessel-associated 
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cells. Before diving into the molecular heterogeneity, we first defined anatomical landmarks in 
embryonic skin to facilitate the mapping of uncovered cell populations. 

Dermal fibroblasts already displayed unexpected heterogeneity and based on expression 
profiles, RNA velocity analysis, and tissue location we could identify and characterize 
fibroblasts with clear fates towards functionally distinct cell types (Figure 18). We detected 
adipogenic fibroblasts starting from E13.5, which is the earliest report of pre-adipocytes in 
mouse skin. Furthermore, we observed a gradual upregulation of multiple Wnt inhibitors in the 
specialized hair follicle-inducing fibroblasts called dermal condensate precursors, followed by 
a sharp drop in Wnt inhibitor expression upon dermal condensate commitment. Strikingly this 
upregulation of Wnt inhibitors was paralleled by gradual Wnt activation in the same cells. 
Moreover, we described a novel fibroblast subpopulation that resides within developing 
muscles and potentially provides functional support to those developing muscles. Finally, 
embryonic fibroblasts also participated in complex crosstalk with various other skin cell types 
to support processes such as angiogenesis, neurogenesis, and recruitment of immune cells; all 
of which are crucial for successful skin maturation. 

Figure 18: Left and right panel: Anatomical scheme of E12.5 and E14.5 skin, respectively. Colored by fibroblast 
subtypes. Central panel: Major fibroblast subtypes overlaid on UMAP of fibroblasts from Paper III (Figure 2). 

We also in-depth analyzed the other stromal cell types and the most interesting findings will 
be highlighted hereafter. While vascular and lymphatic endothelial cells were present at all 
analyzed time points, we found that mural cells were only recruited at E13.5. The early 
cutaneous immune compartment was dominated by dermal dendritic cells, macrophages, and 
mast cells and it was mostly skin-resident immune cells that participated in the recruitment of 
more immune cells. The panniculus carnosus muscle forms around E14 and transcriptionally 
resembles other back muscles. 

The most remarkable transformation in the skin during the analyzed embryonic period is the 
transformation of the single-layered, seemingly uniform epidermis to a multi-layered and 
appendage-producing epidermis. We were able to transcriptionally capture that transformation. 
We furthermore uncovered striking heterogeneity within the E12.5 epidermis with one 
population showing a strong resemblance of later basal IFE cells, while the other population 
displayed a very distinct signature and was enriched in signaling molecules and smooth muscle 



 

52 

genes. We robustly identified cells of the protective embryonic layer called periderm, which 
allowed for a detailed description of their molecular identity as well as their molecular 
maturation. We were able to model early embryonic epidermal stratification and our imaging 
data suggests that the differentiation program is initiated prior to delamination. Lastly, we 
found evidence that already immediately after their formation, both the hair placode as well as 
the dermal condensate engage in reciprocal interactions with major cell types to ensure that the 
newly formed hair follicle is properly innervated, surrounded by blood vessels, and supported 
by immune cells. 

In sum, Paper III provides a meticulous dissection of early embryonic skin. It uncovered novel 
cellular heterogeneity and shed light on the complex interplay of different cell types that are 
required for proper skin maturation. 

4.4 PAPER IV: MOLECULAR DYNAMICS OF MOUSE SKIN DURING WOUND 
HEALING (TISSUE REGENERATION) 

New concepts and results: A novel computational approach to identify keratinocytes 
contributing to wound healing. Epidermal progeny originating from distinct niches converges 
upon wound contribution. Wound response in epidermal cells starts prior to exit from their 
niche. 

This study employed a powerful combination of genetic lineage tracing and scRNA-seq to 
study wound response in the mouse epidermis at single-cell resolution. This approach allowed 
us to follow distinct epidermal cell populations during their journey to the newly formed wound 
epidermis and to monitor their individual transcriptional adaptations. 

We used Lgr5-EGFP-IRES-CreERT2/R26-tdTomato and Lgr6-EGFP-IRES-CreERT2/R26-
tdTomato mice to genetically label two molecularly and functionally distinct populations of 
epidermal stem cells: Lgr5+ cells located in the hair follicle bulge or Lgr6+ cells located in the 
interfollicular epidermis and hair follicle isthmus, respectively. Tracing was initiated prior to 
full-thickness dorsal wounding, and samples were collected 1 day, 4 days, 7 days, 10 days, and 
more than one month post-wounding. Additionally, non-wounded control samples were 
collected. FACS-sorted TOMATO+ cells underwent scRNA-seq using the STRT-C1 platform 
and the final dataset contained 1 873 cells.  

It was inevitable that sorted cells would contain both, unresponsive cells still residing in their 
original niche and responsive cells migrating towards the wound. Thus, the first important 
achievement of this study was to computationally identify those cells that had truly responded 
to the injury for further analysis. This was done using a naïve Bayes classifier which identified 
expression profiles significantly differing from expression profiles observed in the homeostatic 
setting. 

Subsequently, those wound cells were clustered. Interestingly they did not primarily cluster by 
sampling time point but formed distinct wound cell states, which peaked at different time points 
post-wounding, that persisted over several sampling time points, and that co-existed within the 
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same wounds. Comparing those wound cell states was thus preferable over comparing 
collection time points, as at one time point there might be cells that had only just left their 
original niche while others had already progressed further along their migratory path towards 
the wound site.  

When it comes to the cell’s identity, we could show that Lgr5 progeny transcriptionally adapts 
to wound healing very rapidly and before even exiting their niche. They upregulate an IFE-like 
signature and rapidly remodel their receptor gene expression which enables them to respond to 
wound-derived stromal ligands. As the Lgr5 progeny migrates towards the wound site, they 
gradually lose their bulge identity and become part of the IFE lineage. The majority of Lgr6 
cells possessed an IFE-like signature from the very beginning and we could show that they 
were furthermore already primed to respond to wound signals prior to wounding. 

Figure 19: Scheme showcasing the different possibilities for cellular plasticity during cutaneous wound healing. 
Distinct starting populations are marked in red and green, respectively. Upon injury cells could converge to a 

common injury-induced cell state (symbolized by a square with a gradient) or they could all undergo their own 
injury-induced molecular changes. Upon re-establishment of homeostasis, cells could either revert back to their 

original state or acquire a common new identity (symbolized by a circle with a gradient). 
[inspired by (Donati and Watt, 2015), and adapted from (Joost, 2019)] 

This demonstrates that Lgr5 progeny gradually converges towards Lgr6 progeny by acquiring 
an IFE-like signature, wound-induced molecular programs, and an equalized interaction 
potential with the wound stroma (Figure 19). We could furthermore show that both Lgr5 and 
Lgr6 progeny pass through a functionally similar, sequential wound healing program. At the 
time of their highest transcriptional convergence, Lgr5 and Lgr6 progeny still maintain some 
molecular differences. However, rather than reflecting their distinct origins, these differences 
seem to reflect their location and their exposure to certain niche signals at the time of sampling. 

In sum, Paper IV provides a beautiful example of how scRNA-seq cannot only be used to 
characterize tissue composition, but also to perform functional studies looking at dynamic 
processes such as wound healing.  
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5 CONCLUSIONS AND FURTHER DIRECTIONS 
With the papers included in this thesis, we have contributed a systematic and unbiased 
dissection and characterization of mouse skin at the single-cell level. This marks an important 
advancement as the majority of previous analyses were either simplified by using ex vivo 
models or biased by using a priori defined markers or anatomical locations to define cell 
populations. 

Using the wealth of generated data, we gained new insights on fundamental questions of stem 
cell biology, tissue homeostasis, and regenerative medicine, such as: 

• What determines stemness? 
• When and why does a cell commit to differentiation? 
• Which vectors describe cellular heterogeneity within a tissue? 
• How do healthy tissues achieve and accommodate regenerative processes? 
• How is tissue maturation coordinated during embryonic development? 
• What are the dynamics of injury-induced cellular plasticity? 

Most importantly, we found that epidermal heterogeneity is almost exclusively determined by 
a cell’s differentiation signature and its spatial signature (Paper I). Inner hair follicle lineages 
arise from uncommitted matrix progenitors and outer hair follicle lineages show a distinct 
subdivision into a basal and a suprabasal layer (Paper II). Embryonic fibroblasts display 
molecular heterogeneity and functional specialization much earlier than expected (Paper III). 
Epidermal cells that contribute to cutaneous wound healing undergo transcriptional adaptations 
before they even start to migrate (Paper IV).   

Taken together, this thesis provides new insights into the dynamic and heterogenous nature of 
mouse skin during adult tissue homeostasis, embryonic development, and tissue regeneration 
after injury.  

However, it is self-evident that the wealth of data generated within the frame of this thesis 
harbors more information than we were able to extract. It was thus very important to us, to 
make the data available to everybody in the field regardless of their computational skills. The 
searchable online tools that we provided together with Paper I and II (and in the future Paper 
III) are minable resources that hopefully will spur further exciting discoveries. 

A detailed molecular understanding of homeostatic, healthy skin is also an important 
prerequisite for exploring pathological states such as skin cancer, chronic wounds, or 
inflammatory skin diseases. 

Moreover, it is possible to build on the presented data by comparing embryonic skin to adult 
skin. As regenerative medicine often exploits developmental programs, a direct comparison 
might for example reveal, which adult dermal and epidermal populations are most similar to 
their embryonic counterparts and thus, potentially most receptive to hair follicle induction.  
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An ever-increasing number of publicly available datasets and large global atlas projects, such 
as Tabula Muris (Schaum et al., 2018) or the Human Cell Atlas (Regev et al., 2017), also allows 
for comparisons across tissues to see if uncovered principles of tissue homeostasis or 
regeneration represent universal principles or if they are tissue-specific. 

While the papers included in this thesis draw a detailed picture of mouse skin and address a 
number of fundamental questions of stem cell biology, it remains to be shown if those findings 
hold true in human skin. Since we published the first scRNA-seq-based skin paper in 2016, a 
number of human scRNA-seq-based studies have been published [reviewed in (Dubois et al., 
2021)]. It is compelling to compare our data to the newly published human data to evaluate the 
translational value of our findings. 

As pointed out in the methods section, great advancements have been made in spatially 
resolved transcriptomics, and studying genome-wide transcriptomics in situ has now become 
a tangible goal. Having the transcriptomics data linked to the spatial information from the start 
would significantly facilitate biological interpretations compared to our two-step-approach 
where we have to separately map back the identified cell populations one by one. 

We are also aware that gene expression only represents one level of regulating a cell’s 
functional and molecular identity. Thus, it will be important for future research to integrate 
gene expression with other modalities, such as epigenetic modifications or protein expression. 
More and more modalities are becoming available at single-cell resolution and also the 
computational tools for performing integrated multimodal analysis are rapidly evolving 
[reviewed in (Ma et al., 2020)].  

Summing up these considerations, it becomes clear that while still posing analytical and 
technical challenges, large-scale single-cell data has revolutionized the way we do biomedical 
research, and it allows us to address biological questions that were previously out of reach. By 
relying less on prior definitions, hypotheses and markers, biomedical research has become 
much more data-driven. This marks an important step and will very likely contribute to a more 
detailed understanding of complex biological systems. 
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6 POPULAR SCIENCE SUMMARY 
Cells are the building blocks of life. Our body is made up of trillions of cells and each tissue 
has a special blend of different cell types that work in concert to fulfill the tissue’s function. In 
the skin, two major cell types populate the two major layers of skin (Figure 20). So-called 
epithelial cells reside in the outermost layer of skin that faces the environment and that builds 
the actual barrier to the outside world. The underlying layer is made up of so-called fibroblasts 
that build the connective tissue, which functions as a scaffold on which the epithelial cells sit. 
However, for a fully functional tissue many more cell types need to contribute, and they are 
interspersed throughout the skin. There are pigment cells that provide pigment to epithelial 
cells so that they can produce a pigmented hair. There are nerves that allow for the sensation 
of touch and pain. There is a dense network of blood vessels that supply the skin with oxygen 
and nutrients. And additionally, there are fat cells deep down in the skin that store energy and 
serve as insulation and mechanical cushion. 

Figure 20: Architecture of skin tissue. Created with BioRender.com. 

The genome holds the instructions for how to build all the different proteins that are needed for 
a cell to survive and fulfill its function. Each cell in our body has the same genome, yet not all 
the cells in our body are the same. This is because each cell only reads part of the genome and 
thus also produces only a subset of proteins. Depending on which proteins are produced, a cell 
may become an epithelial cell or a fibroblast, or any other cell type. 

With a modern technology called single-cell RNA-sequencing, we are able to look at every 
single cell in a tissue and determine which part of the genome they are currently reading. For 
the parts that are read so-called mRNA is produced which in turn serves as a blueprint for 
protein production. Looking at the entire set of mRNAs in a cell we can conclude e.g., what 
type of cell we have, if the cell differs from other cells of the same type, and if this cell is in an 
active state or resting state. The major disadvantage of single-cell RNA-sequencing is that we 
don’t know where in a tissue the cell, whose mRNA content and cell type identity we have 
uncovered using single-cell RNA-sequencing, was originally located. 

This is where another method called in situ hybridization comes in. This method allows us to 
visualize mRNAs within tissue sections. So, if single-cell RNA-sequencing tells us that a 
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certain cell type is present in our tissue of interest, we can then look at some of the typical 
mRNAs that are only present in that cell type and see where in the intact tissue this specific 
cell type is located. This allows us to put all cells in a spatial context, to see if any of the cells 
sit in unexpected locations, and to make conclusions about their functions. 

In this Ph.D. thesis, a combination of the two aforementioned methods was used to study the 
maintenance of healthy adult skin, the embryonic development of skin, and the processes 
involved in the healing of skin wounds. All of these studies were performed on mice, which is 
a popular model system. Mouse skin resembles human skin in many regards and thus allows 
us to draw valuable conclusions that often also apply to human skin. 

Skin is the largest organ in mammals and serves to protect the body from external harms, such 
as physical damage, pathogens, radiation, fluid loss, or extreme temperatures. To fulfill all of 
these functions, the skin is highly specialized. Among those specializations is the outermost 
barrier consisting of epithelial cells that form multiple layers, with newly born cells sitting at 
the bottom and cells moving up as they mature before finally being shed. The epithelial barrier 
regularly invaginates and forms so-called ‘hair follicles’, which produce hair. Furthermore, 
there is a multitude of immune cells that patrol the skin to detect pathogens and prevent 
infections. 

In the first part of this thesis (Paper I and II), we set out to understand the composition of the 
skin. We generated a detailed map of the skin including all cell types such as epithelial cells, 
fibroblasts, pigment cells, immune cells, and many more. When looking at the epithelial cells, 
we found that the typical maturation process that has been described for the epithelial barrier 
also holds true for cells within the hair follicles, i.e., cells facing the connective tissue are very 
immature, while cells facing the hair are most mature. We could furthermore show that the 
mRNA profile of any given epithelial cell could be roughly predicted by combining only two 
parameters – how mature the cell is and where it is found in the tissue (in the hair follicle, in 
the epithelium outside the hair follicles, or at the border). This was surprising as biology is 
usually much more complex. Also, we could reveal how epithelial cells work together to 
produce a mature hair. While it is only epithelial cells that produce the actual hair, we could 
observe that also the other cell types in skin changed when hair follicles started producing hair. 
We could see that for example pigment cells and fibroblasts change their abundance and/or 
molecular identity when hair is produced. This is in line with previous findings that show that 
epithelial cells and non-epithelial cells heavily influence each other to achieve hair production. 
Importantly, we made all the mRNA profiles available via an online tool so that other 
researchers can utilize this information in their own research. 

Next, we looked at embryonic skin to understand the environment in which hair follicles and 
the multi-layered architecture of the epithelial barrier first arise (Paper III). We see that already 
very early on there are fibroblasts that are specialized for example, in supporting the formation 
of hair follicles, in supporting developing muscles, or in giving rise to fat cells. We find 
epithelial cells that have just started to mature or become a hair follicle. And we capture and 
describe other important developmental processes such as the formation of new blood vessels 
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that are needed for proper skin function. By better understanding how skin in general and hair 
follicles, in particular, are formed during embryonic development, we can hopefully contribute 
to improving skin substitutes and treatments for pathological hair loss.  

Lastly, we studied wound healing (Paper IV). If an open wound is inflicted, cells from the 
surrounding tissue contribute to close and heal the wound. We investigated how those cells 
change while they move from their original location to the wound site. We saw that cells 
already prepare for their journey when they still sit in their original location. We furthermore 
saw that upon arrival at the wound site all cells – no matter what their original location or 
function was – become very similar and blend in. One day, these new insights will hopefully 
help us to achieve more efficient mobilization of cells that can help to heal non-healing wounds. 

Taken together, the studies included in this Ph.D. thesis have significantly advanced our 
understanding of how the skin is formed during embryogenesis, how it is maintained in healthy 
conditions, and how it is healed upon wounding. 
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7 POPULÄR-WISSENSCHAFTLICHE 
ZUSAMMENFASSUNG 

Zellen sind die Bausteine des Lebens. Unser Körper besteht aus Billionen von Zellen und jedes 
Gewebe weist eine spezielle Mischung verschiedener Zelltypen auf, die zusammenarbeiten um 
die Funktion des Gewebes zu erfüllen. In der Haut zum Beispiel gibt es zwei Hauptzelltypen, 
die die zwei Hauptschichten der Haut besiedeln (Abbildung 21). So genannte Epithelzellen 
befinden sich in der äußersten Hautschicht. Diese bildet die eigentliche Barriere zur Außenwelt. 
Die darunter liegende Schicht besteht aus sogenannten Fibroblasten, die das Bindegewebe 
bilden. Das Bindegewebe fungiert als Gerüst, auf dem die Epithelzellen sitzen. Für ein voll 
funktionsfähiges Gewebe müssen jedoch noch viel mehr Zelltypen beitragen und diese Zellen 
sind in der Haut verteilt. Es gibt Pigmentzellen, die Epithelzellen mit Pigment versorgen, 
sodass diese pigmentiertes Haar produzieren können. Es gibt Nerven, die das Empfinden von 
Berührung und Schmerz ermöglichen. Es gibt ein dichtes Netzwerk von Blutgefäßen, die die 
Haut mit Sauerstoff und Nährstoffen versorgen. Darüber hinaus gibt es tief in der Haut 
Fettzellen, die Energie speichern und als Isolierung und mechanisches Polster dienen. 

Abbildung 21: Aufbau der Haut. Generiert mit BioRender.com. 

Das Erbgut enthält die Produktionsanleitung für alle verschiedenen Proteine, die eine Zelle 
benötigt, um zu überleben und ihre Funktion zu erfüllen. Jede Zelle in unserem Körper hat das 
gleiche Erbgut, aber nicht jede Zelle in unserem Körper ist gleich. Das liegt daran, dass jede 
Zelle nur einen Teil des Erbguts abliest und somit auch nur einen Teil der Proteine produziert. 
Je nachdem, welche Proteine produziert werden, erhält man eine Epithelzelle, einen 
Fibroblasten oder einen anderen Zelltyp. 

Mit einer modernen Technologie namens Einzelzell-RNA-Sequenzierung können wir jede 
einzelne Zelle in einem Gewebe untersuchen und bestimmen, welchen Teil des Erbguts sie 
gerade abliest. Für den abgelesenen Teil werden sogenannte mRNAs produziert, die wiederum 
als Vorlage für die Proteinproduktion dienen. Wenn wir den gesamten Satz an mRNAs in einer 
Zelle betrachten, können wir beispielsweise schlussfolgern, um welchen Zelltyp es sich 
handelt, ob sich die Zelle von anderen Zellen des gleichen Typs unterscheidet und ob sich diese 
Zelle gerade teilt oder in einem Ruhezustand befindet. Der größte Nachteil der Einzelzell-
RNA-Sequenzierung liegt darin, dass wir nicht wissen, wo in einem Gewebe sich die Zelle 
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befand, deren mRNA-Gehalt und Identität wir mithilfe der Einzelzell-RNA-Sequenzierung 
gerade entschlüsselt haben. 

Hier kommt eine andere Methode ins Spiel, die als In-situ-Hybridisierung bezeichnet wird. Mit 
dieser Methode können wir mRNAs in Gewebeschnitten sichtbar machen. Wenn uns die 
Einzelzell-RNA-Sequenzierung sagt, dass ein bestimmter Zelltyp in unserem Gewebe 
vorhanden ist, können wir einige der typischen mRNAs, die nur in diesem Zelltyp vorhanden 
sind, einfärben und sehen, wo sich dieser spezifische Zelltyp im intakten Gewebe befindet. 
Dies ermöglicht es uns, alle Zellen in einen räumlichen Kontext zu bringen. So können wir 
sehen ob sich die Zellen möglicherweise an unerwarteten Orten befinden und wir können 
Schlussfolgerungen über ihre Funktionen ziehen. 

In dieser Doktorarbeit wurde eine Kombination der beiden oben genannten Methoden 
verwendet, um zu untersuchen, wie Haut während der Embryonalentwicklung entsteht, wie 
gesunde Haut erhalten und erneuert wird, und welche Prozesse bei der Wundheilung ablaufen. 
All diese Untersuchungen wurden an Mäusen durchgeführt, welche ein beliebtes Modellsystem 
sind. Die Haut der Maus ähnelt in vielerlei Hinsicht der menschlichen Haut und ermöglicht es 
oft, wertvolle Schlussfolgerungen auch für die menschliche Haut zu ziehen. 

Die Haut ist das größte Organ bei Säugetieren und dient dazu, den Körper vor Verletzungen, 
Krankheitserregern, Strahlung, Flüssigkeitsverlust oder extremen Temperaturen zu schützen. 
Um all diese Funktionen zu erfüllen, ist die Haut hochspezialisiert. Zu diesen Spezialisierungen 
gehört die Epithelbarriere mit einer typischen mehrschichtigen Architektur, bei der 
neugeborene Zellen unten sitzen und sich im Laufe ihrer Reifung nach oben bewegen, bevor 
sie schließlich abgestoßen werden. Die Epithelbarriere ist jedoch keine flache Schicht, sondern 
bildet Einstülpungen, die in das darunter liegende Bindegewebe hineinwachsen. Diese 
Einstülpungen bestehen aus Epithelzellen, die Haare produzieren, und werden als 
„Haarwurzel“ bezeichnet. Darüber hinaus gibt es eine Vielzahl von Immunzellen, die die Haut 
überwachen, um Krankheitserreger zu entdecken und Infektionen vorzubeugen. 

Im ersten Teil dieser Arbeit (Veröffentlichung I und II) hatten wir uns zum Ziel gesetzt, die 
Zusammensetzung der Haut zu verstehen. Wir haben eine detaillierte Karte der Haut erstellt, 
die alle Zelltypen wie Epithelzellen, Fibroblasten, Pigmentzellen, Immunzellen und viele mehr 
enthält. Bei der Betrachtung der Epithelzellen stellten wir fest, dass der typische 
Reifungsprozess, der für die Epithelbarriere beschrieben ist, auch für Zellen in den 
Haarwurzeln gilt. Das heißt dass Zellen, die dem Bindegewebe zugewandt sind, sehr unreif 
sind, während Zellen, die dem produzierten Haar im Inneren der Haarwurzel zugewandt sind 
am ausgereiftesten sind. Wir konnten außerdem zeigen, dass das mRNA-Profil einer 
bestimmten Epithelzelle grob durch nur zwei Parameter vorhergesagt werden kann: Wie reif 
die Zelle ist und wo im Gewebe sie sitzt (in der Haarwurzel, im Epithel zwischen den 
Haarwurzeln oder an der Grenze). Dies war überraschend, da Biologie normalerweise viel 
komplexer ist. Wir konnten auch zeigen, wie Epithelzellen zusammenarbeiten um ein Haar zu 
produzieren. Obwohl nur Epithelzellen das eigentliche Haar produzieren, konnten wir 
beobachten, dass sich auch die anderen Zelltypen in der Haut verändern, wenn Haare produziert 
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werden. Wir konnten sehen, dass zum Beispiel Pigmentzellen und Fibroblasten ihre Häufigkeit 
und/oder molekulare Identität ändern, wenn Haare produziert werden. Dies steht im Einklang 
mit früheren Berichten die zeigen, dass sich Epithelzellen und Nicht-Epithelzellen stark 
gegenseitig beeinflussen um erfolgreiche Haarproduktion zu erwirken. Bemerkenswert ist 
auch, dass wir alle mRNA-Profile über ein Online-Tool frei verfügbar gemacht haben, damit 
andere Forscher diese Informationen für ihre eigenen Forschungsfragen verwenden können. 

Als nächstes untersuchten wir die embryonale Haut, um die Umgebung zu verstehen, in der 
Haarwurzeln und die vielschichtige Architektur der Epithelbarriere zum ersten Mal entstehen 
(Veröffentlichung III). Wir sahen, dass es bereits sehr früh Fibroblasten gibt, die darauf 
spezialisiert sind, beispielsweise die Bildung von Haarwurzeln, Muskeln oder Fettzellen zu 
unterstützen. Wir fanden Epithelzellen, die gerade erst zu reifen begonnen haben und auch erste 
Epithelzellen, die eine Haarwurzel bilden werden. Gleichzeitig erfassten und beschrieben wir 
andere wichtige Entwicklungsprozesse wie die Bildung neuer Blutgefäße, die für eine 
ordnungsgemäße Hautfunktion erforderlich sind. Wenn wir besser verstehen, wie Haut im 
Allgemeinen und Haare im Besonderen während der Embryonalentwicklung gebildet werden, 
können wir hoffentlich dazu beitragen, Hautersatzprodukte und Behandlungen für 
pathologischen Haarausfall zu verbessern. 

Zuletzt untersuchten wir die Wundheilung (Veröffentlichung IV). Um eine offene Wunde zu 
schließen und zu heilen, tragen Zellen aus dem umliegenden Gewebe bei. Wir haben 
untersucht, wie sich diese Zellen verändern, während sie sich von ihrer ursprünglichen Position 
zur Wunde bewegen. Wir haben gesehen, dass sich Zellen bereits auf ihre Reise vorbereiten, 
wenn sie sich noch an ihrem ursprünglichen Standort befinden. Wir haben außerdem 
beobachtet, dass sich bei der Ankunft in der Wunde alle Zellen - unabhängig von ihrem 
ursprünglichen Standort oder ihrer ursprünglichen Funktion - sehr ähneln und sich vermischen. 
Diese neuen Erkenntnisse werden es hoffentlich ermöglichen, dass wir eines Tages Zellen 
besser mobilisieren können, damit sie helfen nicht-heilende Wunden zu heilen. 

Zusammengenommen haben die in dieser Doktorarbeit enthaltenen Studien unser Verständnis 
darüber, wie Haut während der Embryonalentwicklung gebildet wird, wie sie unter gesunden 
Bedingungen erhalten bleibt und wie sie bei Verwundung geheilt wird, erheblich erweitert. 
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