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1.0 INTRODUCTION 

1.1 Project overview  

Alopecias represent a group of hair follicle (HF) disorders in which the HF`s ability 

to grow is stunted, diminished, or abrogated, leading to hair loss. Alopecia areata 

(AA) and cicatricial alopecia (CA) represent the major subgroups of inflammatory 

alopecia. CA is thought to occur as a result of an inflammatory attack on bulge 

epithelial stem cells of the HF, which may lose their immunologically privileged 

status, eventually leading to HF destruction. However, until today, the exact 

pathobiology of all forms of CA remains.  

HF undergo constant cycling which impacts on their immune privilege (IP). The HF 

bulb and bulge are privileged as they express low levels of MHC class I molecules 

(MHCI) and constitutively express CD200 in the outer root sheath (ORS) and 

since anagen follicles secrete various immunoinhibitors such as α MSH, TGF-β, 

IDO and MIF. IP in the HF is a relative state that is down regulated or collapses in 

diseases like alopecia areata (AA) and cicatricial alopecia/scarring alopecia (CA). 

CA is also presented in passive and active disease mouse models of 

epidermolysis bullosa acquisita (EBA), an acquired autoimmune bullous skin 

disease caused by autoantibodies directed against collagen type VII (COL7) that 

can be associated with CA, due to damage to HF stem cells in the bulge. Taking 

advantage of these mouse models of EBA, the current thesis addresses three 

general questions: a) Are there indications of HF immune privilege (IP) in murine 

telogen follicles (as these are seen to be primarily attached in murine EBA 

models)? b) Which mechanisms may lead to irreversible destruction of murine 

bulge stem cells, and is there any evidence that a collapse of bulge IP is involved 

in this? and, finally, c) Can this destructive process be therapeutically 

antagonized?  

These questions were mainly addressed by qualitative and quantitative (immuno-) 

histomorphometry and by administering blocking antibodies to the FcγRIV 

receptor. The current project demonstrates that murine EBA models serve as an 
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excellent tool to dissect general principles of antibody- and/or inflammation-

induced irreversible stem cell damage in the follicular bulge, leading to HF IP 

collapse and HF destruction and the development of a clinical CA phenotype. 

These models can also be exploited to further explore whether CA development 

and/or progression, at least in EBA, may be treated by targeting FcγRIV receptor 

with appropriate antibodies. 

1.2 Hair follicle biology 

HFs, sebaceous glands (SG), and sweat glands form important cutaneous 

appendages. These help in maintaining skin homeostasis by actively adopting 

both physiological and protective roles (Paus and Cotsarelis 1999; Stenn and 

Paus 2001, Schneider et al. 2009). The HF is a complex mini organ that is loaded 

with diverse pools of epithelial, mesenchymal and melanocyte stem cells and that 

is connected with the adjacent SG and arrector pili muscle to form an intact 

pilosebaceous unit (Ohayama 2006, Goldstein and Horsely 2012, Nishimura 

2011). Like other organs, it is also surrounded by complex networks of blood 

vessels and nerve fibers and has its own stroma, the connective tissue sheath 

(CTS) (Fig. 1).  

The HF has an independent ability to regenerate very effectively, largely due to 

the presence of many different stem cell populations (Tiede et al. 2007a,b , 

Schneider et al. 2009, Rompolas et al. 2012.). The most important epithelial stem 

cells of the HF in mice and man are lodged in a special, immunologically privileged 

zone of the HF epithelium, called the bulge (Cotsarelis 2006, Kloepper et al. 2008, 

Goldstien and Horsely 2012, Nishimura 2011) (Fig.1). Though the stages of HF 

cycling are the same in mice and humans, the dynamics of regeneration are 

species- and location-dependent. For example, HF cycling in mice takes place in a 

wave-like fashion from the head to the tail (Sten and Paus 2001, Sundberg et al. 

2005, Schneider et al. 2009), while in humans, the pattern is more random or 

mosaic (Kligman 1959). Apart from protection, the hair follicle also play a role in 

promoting skin regeneration and remodeling of the skin during wound healing (Lau 

et al. 2009, Jiang et al 2010,Ansell et al. 2011,Mardayeve et al.2011). 
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Fig.1: Schematic drawing depicting the structural outline of the anagen VI hair follicle. The picture shows 

the outer root sheath, inner root sheath, basal membrane connective tissue sheath, hair matrix and dermal 

papilla. It also depicts the bulge (red) and associated arrector pilli muscle (orange) (Fig modified from Tiede 

et al. 2007) 

 1.2.1 Functional anatomy of the hair follicle 

It is estimated that there are about 5 million HFs distributed over the human 

integument, with the scalp contributing to about a million of them (Paus and 

Cotsarelis 1999; Paus and Foitzik 2004, Lee and Tumbar 2012). Under the control 

of inductive fibroblasts of the HF’s dermal papilla, rapidly proliferating cells in the 

hair matrix generate the bulk of keratinocytes from which a hair shaft is generated. 

The terminally differentiating keratinocytes from the hair shaft’s cortex are guided 

and packaged by the IRS, with the companion layer serving as slippage plane. In 

the precortical hair matrix, these keratinocytes receive melanin via  melanosomes 
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that are transferred to them by specialized melanocytes of the HF’s pigmentary 

unit (Botchkarev et al. 2003,Kasuer et al. 2010,Nishimura et al. 2011) (Fig.2,3).  

 

Fig.2: Structure of the hair follicle.Longitudinal cross section of the hair follicle representing various regions 

of the hair follicle. Infundibulum is the portion of the hair follicle between the sebaceous gland and 

epidermis. Isthmus is the region that lies below the infundibulum and harbors the bulge that contains eSHs 

that can give rise to new follicles upon induction during catagen.The hair root or the bulb is the portion that 

harbours the dermal papilla and hair matrix, the size of the dermal papilla determines the length of the hair 

follicle (a) Higer magnification of the bulge region (b) and dermal papill (c) Schematic picture representing 

transverse cross section of the hair root or hair bulb (d).APM-arrector pili muscle, CTS-cutaneous tissue 

sheath, DP-dermal papilla, HS-hair shaft, IRS-inner root sheath, ORS-outer root sheath and SG-sebaceous 

gland. fig.a,b,c modifiedfrom Schneider et al.2009,2b modified from 

http://www.udel.edu/biology/Wags/histopage/colorpage/cin/cinhft2.gif ) 

Horizontal sections through the hair follicle show eight concentric ring-like 

structures : the cortex, medulla and cuticle of the hair shaft (HS), the cuticle of the 

IRS, Huxley's layer (IRS), Henle’s layer (IRS), companion layer, and the ORS. 

Interestingly, each of these above-mentioned layers has distinct lineages of 
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epithelial differentiation and shows differences in their enzymes, structural or 

adhesion molecules (Powell and Rogers 1995; Stenn and Paus 2001).  

The different layers such as the ORS, IRS, hair matrix and the HS arise from a 

pool of epithelial stem cells (eSCs) that are label-retaining cells (Cotsarelis 2006, 

Myung and Ito 2012). They are located at the region of the insertion of the arrector 

pili muscle (APM), well below the insertion of the SG duct. In mice (Fig.3), the 

bulge can be visualized by a slight protrusion of the ORS but in the humans this 

region is difficult to visualize and hence the APM, SG and the newly found region 

of the ‘follicular trochanter'’ serve as guidance points to locate the bulge 

(Cotsarelis 2006, Tiede et al. 2007, Goldstein and Horsely 2012) 

 

 

Fig.3: Structure of the murine telogen follicle. The picture depicts the localisation of CD34+ stem cells in the 

bulge of a mouse HF (FITC labeled antibody, nucleus labeled in blue [DAPI] ).HS-hair shaft,SHG-secondary 

hair germ,SG-Sebaceous gland (modified from Lander et al.2012) 

It is believed that the primary group of eSCs reside in the ORS and gives rise to 

secondary pool of cells that move away from the bulge to the secondary hair germ 

and gives rise to the IRS, hair matrix and HS (Cotsarelis et al. 1990, Panteleyev et 

al. 2001; Ohyama et al. 2006; Tiede et al. 2007b, Hsu and Fuchset al. 2012). The 
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stem cell niche is regulated through complex sets of regulatory mechanisms (Beck 

and Blanpain. 2012, Singh et al.2012a,b). In this regard it was recently shown that 

ADAM17 is needed for regulation of the stem niche (Nagao et al. 2012b). In terms 

of alopecia, it was recently shown that mutation in Gsdma 3 causes stem cell loss 

as a consequence of inflammatory attack (Zhou et al.2012). The stem cells 

isolated from engineered mice gives rise to cells of various lineages that 

eventually gave rise to the IRS, hair matrix and hair shaft (HS) (Blanpain et al. 

2004). Apart from forming new hair follicles, stem cells also promote epithelial 

regeneration during wound healing (Lau et al. 2009,Ansell et al.2011 ) 

The bulb of the anagen HF consists of a prominent epithelial region called the 

matrix that gives rise to the hair shaft (Fig.2) (Paus et al 1999b, Whiting 2004). 

The precortex located is above the tip of the DP and serves as a region where the 

keratinocyte differentiation to trichocytes is initiated. The further differentiation of 

keratinocytes gives rise to the cortex, medulla and the cuticle of the hair shaft. The 

volume of the DP determines the size of the hair bulb and thus the diameter of the 

hair shaft and impacts of the length of anagen and thus the length of the hair shaft 

(Reynolds and Jahoda 1996; Reynolds et al. 1999). During the hair cycle, there is 

also considerable bidirectional trafficking of fibroblasts between the DP and to the 

CTS (Tobin et al. 2003).  

The angle of the HF is determined by the APM which, under adrenergic influence, 

leads pull up the hair shaft (Paus and Peker, 2003) In humans, each APM 

surrounds the HF unit that consists of 2-3 vellus HF or 4-5 terminal HF 

(Headington 1984). The bulge of the HF is surrounded by a tuft of sensory, 

autonomic and Merkel cells (humans) (Botchkarev et al. 1997). The HF constantly 

receives signals from neurons, both during stress and normal conditions (Paus et 

al. 2007,Paus et al.1997b; Powell and Rogers, 1995, Botchkarev et al. 1999; 

Peters et al. 2007). Additionally, the HF is escorted by a basket-like network of 

vessels that form arterioles, capillaries, and venules (Mecklenburg et al. 2000; 

Yano et al. 2001). In human HFs, some of these capillaries end up in the DP and 

participate in the constant nourishment of the HF, while the DP of murine HFs 

reportedly is avascular (Mecklenburg et al. 2000). 
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1.2.2 Hair follicle cycling 

The HF undergoes synchronized cycles of growth regression and tissue 

remodeling throughout the lifecycle of an organism (Fig.4). This synchronised 

cycling is, however, thought to be dependent on seasons and procreational activity 

(Stenn and Paus 2001).The pelage follicles in mice cycle in a wave-like fashion 

from the head to the back(Muller-Rover et al. 2001), while in humans and most 

domesticated animals this process is quite randomized after the birth (“mosaic” 

hair cycle) (Muller-Rover et al. 2000, Plikus & Chuong 2008a, Pilikus et al. 2008b, 

Mecklenburg 2009). 

The telogen stage that is thought to represent the so-called “resting” stage of the 

folliclelasts for about 2 weeks in young mice, while the anagen stage that 

represents the active stage of follicular growth lasts for 2-3 weeks; catagen, the 

involution phase of HF cyclinglasts for 2 days. Soon after morphogenesis, the first 

cycle of catagen-telogen-anagen is quite short and starts as early as on week 2, 3 

and 4 after morphogenesis, respectively.The second hair cycle starts with the 

initiation of catagen in week 6, telogen in week 7, while the second anagen sets in 

starting from week 12. With increasing age, an ever-larger percentage of HFs in 

murine skin resides in telogen, and HF cycling becomes progressively less 

synchronized. In pigmented mice, the skin colour reflects the stages of cycling with 

pink,grey and black reflecting telogen,catagen and anagen stages, since 

essentially all melanogenic activity of truncal skin is restricted to anagen HFs 

(Fig.4) (Paus 2011,Paus et al.1999a, Muller-Rover et al. 2001).  

In humans, the catagen stage lasts a few weeks, while telogen lasts for several 

months, and anagen 1-6 years (on the scalp). The human adult hair grows at the 

rate of 0.3mm -0.4 mm per a day and is totally dependent on the proliferation of 

the hair matrix keratinocytes (Paus 2007; Stenn 2001). The anagen phase is 

subdivided into six individual stages. The anagen stage is developed from the 

secondary hair germ cells below the bulge and is characterised by proliferation 

and differentiation of keratinocytes of the matrix, organ remodeling, and follicular 

melanogenesis (Paus 2011,Muller-Rover et al. 2001; Paus et al. 1999a; Peters et 

al. 2001).  
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The catagen is the regression stage of the HF that is driven by apoptosis and 

terminal differentiation of the proximal HF epithelium (Lindner et al. 1997). This 

stage is also characterised by retraction of melanocyte dendrites, the cessation of 

all melanogenesis, and the formation of a fibrotic strand between the condensing 

DP and the retracting HF epithelium (Paus and Foitzik 2004, Slominski et al. 

2005). This process finally transforms the HF into a so-called “resting” stage, 

telogen (Fig.4). However, recent research shows that this phase is not at all 

quiescent, and has been postulated to be much more active than previously 

thought (Geyfman et al.2012).  

HF cycling results from bidirectional molecular signaling between HF keratinocytes 

and inductive fibroblasts of the DP, which acts as a mesenchymal control centre 

for the growth initiation and termination of anagen. This causes controlled changes 

in the intracutaneous, intra- and perifollicular signaling milieu that drive the HF 

from one hair cycle stage to the next (Stenn and Paus 2001, Schneider et al. 

2009). Hair growth-modulatory growth factors like IGF-1, HGF, FGF7, and TGFß 

play a key role in these epithelial-mesenchymal interactions that drive HF cycling. 

For example, TGFß1 and TGFß2 are potent inducers of catagen, while IGF-1 

prolongs anagen (Alonso and Fuchs 2006, Fuchs 2009, Schneider et al. 2009). 

The contact between keratinocytes of the secondary hair germ (SHG) and DP 

fibroblasts are thought to signal to the eSC in the bulge of telogen HFs to initiate 

the production of daughter cells (transit amplifying epithelial cells) that migrate 

towards the DP to give rise to a new anagen follicle (Hsu and Fuchs et al. 2012). 
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Fig.4: Schematic diagram displaying the regeneration and cycling events of human hair follicle.During the 

entire life cycle, the hair follicle under go constant cycling involving stages of rapid proliferation (anagen), 

organ involution (catagen) and stage of quiescence (telogen).  The anagen represents the longest phase of 

HF cycling and lasts about 1-6 years (Fuchs.E, 2007). 

1.3  Immune privilege and follicular immune privilege  

1.3.1 Immune privilege 

While being an integral component of the skin’s immune system (Di Meglio et al 

2011), the HF in man in mice also displays a number of special characteristics, the 

most important of which is its immunologically privileged nature (Paus et al. 1998, 

Paus et al. 2005; Conrad et al. 2005; Mayer et al. 2008; Gilhar et al. 2012) 

The broad term of IP refers to the ability of some tissues to tolerate the growth of a 

distinct tissue within its vicinity without eliciting an immune response.Immune 

privilege was discovered when an allograft tissue from tumour cells and foetal 

cartilage could grow in the anterior chamber of the eye as well as in the brain 



24 

 

(Niederkorn 2003; Kinori et al. 2011,Breitkopf et al. 2013).This regeneration was 

attributed to the ability of the host tissue to sequester the alloantigens (Head and 

Billingham 1985). Over the years, this concept has further expanded to define 

suppressive mechanisms that offer protection to tissue compartments from the 

potentially deleterious immunological processes (Paus et al. 2003, Ito et al. 2008).  

The organs/tissues that are recognized to show relative IP include the brain, eye, 

placenta, testis, anagen hair follicles, the proximal nail matrix, and the hamster 

cheek pouch (Head and Billingham 1985; Streilein 1993, Paus et al. 2005, Ito et 

al.  2005b). In this regard, the collapse of IP seems to be causally linked to 

common autoimmune disease like multiple sclerosis (Bruno et al. 2002), mumps 

orchitis (Filippini et al. 2001), chronic autoimmune hepatitis (Lobo-Yeo et al. 1990) 

and presumably some cicatricial alopecia’s (Harries & Paus 2010). Cancer cells 

also exploit IP strategies in order to escape tumor immunosurveillance (Lu and 

Finn 2008, Topfer et al. 2011).  

However, it is important to note that IP is always relative and a dynamic state, 

rather than a stable, fixed condition (Ito et al. 2008). IP operates through various 

mechanisms in different tissues. Some of the key mechanisms include absence of 

lymphatics (e.g. in the brain and the skin epithelium), presence of specific 

extracellular matrix barriers (e.g. blood-brain barrier, blood-retinal barrier, CTS of 

the HF), down regulation of (autoantigen-presenting) MHC class I molecules, 

expression of Human Leukocyte Antigen-G and Qa-2 in humans respectively 

mice, or expressing HLA-E, a ligand for natural killer cells inhibitory receptor 

(CD94/Natural Killer G2A) (Braud et al. 1998; Gao et al. 1997; Paus et al. 2005; 

Tripathi et al. 2006).Other mechanisms include, for example, downregulation of 

MHC class II class expression , secretion of TGF-β1, TGFβ2, α-MSH, 

macrophage inhibitory factor (MIF), CGRP, somatostatin, and expression of FAS 

ligand for bringing about apoptosis of autoreactive T cells (; Streilein 

1993,Niederkorn 2002; Paus et al. 2005;Mellor and Munn 2008, Kinori et al. 2012, 

Pi et al. 2013,Breitkopf et al. 2013).  
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1.3.2 Hair follicle immune privilege 

In autoimmune diseases like alopecia areata, melanocyte associated autoantigens 

are thought be one of the key players in the induction of the disease (Ito et al. 

2008, Gilhar et al. 2012). Like the brain, foetus, and eye the HF also shares a 

perceived level of immune privilege (Paus et al. 2005). The functional key 

evidence in this regard comes from the work of Billingham(1971) who showed that 

transplantation of pigmented skin onto the back of white guinea pigs eventually led 

to the development of pigmented hair shafts, while the rest of the transplanted 

epidermis was rejected (Billingham 1971). These experiments show the ability of 

hair follicle melanocytes to survive and repigment the hair follicle despite 

expressing alloantigens. However, although there are multiple indications that 

strongly point towards to establishment of relative IP also in the HFs of mice and 

humans (see below) it remains to be formally proven that this is functional in 

human and murine HFs.  

Some well-recognized individual components of the IP of murine and human HFs 

are summarized below (Fig. 5). 
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1.3.3. Components of immune privilege in the hair follicle 

In the following individual key components recognized to be important for HF IP 

are introduced (Fig.5 a, b) (Paus et al. 2005, Meyer et al. 2008).  

 

Fig.5: Schematic diagram displaying the quantitative expression of various markers which contribute to 

immune privilege of the human hair follicle.Expression of MHCI, MHCII, CD200, β2-microglobulin and HLA-E 

protein within the hair follicle (a).Expression of α-MSH, TGF β2 B2, MIF and IDO with in the anagen VI hair 

follicle (b)., APM-arrector pili muscle, B-bulge, BM-basement membrane, CL-cuticle, CTS-cutaneous tissue 

sheath, DP-dermal papilla, FT-follicular trochanter, IRS-inner root sheath, ORS-outer root sheath and SG-

sebaceous gland(modified from Meyer et al. 2008) 

1.3.3.1 Limited expression of MHC class I 

While the anagen VI hair follicle expresses normal amounts of MHC class I in the 

infundibulum, the DP, and the CTS the proximal HF epithelium includes. the 

proximal ORS,  IRS and the hair matrix of anagen HFs constitutively expresses 

low or minimal amounts of MHC I (Paus et al.1994c)(Fig.5 a). This is also seen in 

human HFs (Harrist et al. 1983, Christoph et al. 2000, Mayer et al. 2008) and 

cultured human ORS keratinocytes (Limat et al. 1994). This distinct down 
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regulation of MHC I in the proximal ORS below the infundibulum is also seen in 

other mammals (Harrist et al. 1983; Paus et al. 1998; Christoph et al. 2000; Paus 

et al. 2005, Kinori et al. 2012). 

1.3.3.2 Expression of CD200 

The evolutionarily highly conserved immunoinhibitory molecule CD200 is also 

expressed on cells of nonhematopoietic origin and is thought to send a “non-

danger signal” by interacting with CD200L that is expressed e.g. on T lymphocytes 

and dendritic cells, which are thereby inactivated (Bukovsky et al. 1983; Clark et 

al. 2003; Wright et al. 2003; Rosenblum et al. 2006; Norde et al. 2012, Rygiel and 

Meyaard L. 2012 ) The human HF also expresses CD200 throughout its central 

ORS(Fig.5a), including the bulge and proximal isthmus(Mayer et al. 2008).  

This molecule has also been used to isolate bulge stem cells from both mice and 

humans, after gene expression profiling of stem cells revealed these progenitor 

cells to prominently express CD200 (Ohyama et al. 2006; Tumbar et al. 2004, 

Tiede et al. 2009 ). Skin-specific knockdown of CD200 in mice resulted in massive 

perifollicular skin inflammation, hair loss, and CA when transplanted onto the back 

skin of wild-type mice (Rosenblum et al. 2004). Furthermore, our own findings of 

decreased expression of CD200 in CA patients suggest an important role for 

CD200 in CA pathobiology (Harries et al. 2009a, Harries & Paus 2010; Harries et 

al. 2013). 

1.3.3.3 TGF-β (Tumor growth factor β) 

TGF β exerts multiple different and at times opposing effects in cells and tissues 

of various types. To date, three isoforms have been discovered (TGF-β1, TGF-β2, 

and TGF-β3). TGF- β is stipulated to play a key role in establishing niches of 

relative IP by sending overall immunoinhibitory signals and by recruiting immune 

cells that are suppressive in nature (Cobbold et al. 2006; Wahl et al. 2006 Khalil 

1999; Streilein 1993; Derynck et al. 1988;). For instance decreased expression of 

TGF-β2 in the brain facilitates inflammation by astrocyte or microglial cell 

interaction (Streilein 2003), and the presence of TGF–β in higher levels in the 
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anterior eye chamber inhibits natural killer cell- mediated cytolysis (Niederkorn 

1999).  

Apart from the above functions, TGF-β also influences APC for promoting the 

differentiation of Tregs (CD4+ CD25+ FoxP3). TGF-β1 and TGF-β2 likely play an 

important role also in HF IP immune privilege (Paus et al. 2005, Cobbold et al. 

2006; Waldmann 2006). TGF β protein is found in the HF epithelium and is 

expressed widely in late anagen HFs and at catagen onset in ORS keratinocytes 

(Hibino and Nishiyama 2004). Immunoreactivity of cognate receptors (TGF-βRII) is 

found in the proximal and central regions of the outer root sheath keratinocytes 

during late anagen and catagen in mice (Fig.5b) (Paus et al. 1997, Foitzik et al. 

2000) (Fig.5b). Additionally, TGF-β was shown to reverse the immune privilege 

collapse after induction with INF-γ and induces catagen in vivo in mice and in vitro 

in human scalp HFs (Philpott et al. 1994, Paus et al. 1999b, Foitzik et al. 2000; Ito 

et al. 2004; Paus et al. 2005; Schneider et al. 2009).  

 

1.3.3.4  α-MSH  

α-MSH is a proopiomelanocortin-derived peptide hormone with potent anti- 

inflammatory effects. Other derivatives include ACTH and the endogenous opioid, 

β- endorphin (Eipper and Mains 1980; Luger and Brzoska 2007). In mice, 

intracutaneous and intrafollicular POMC transcription and translation are 

controlled by the hair cycle (Slominski et al. 1998; Paus et al. 1999a; Slominski et 

al. 2000). It is secreted by the pituitary glands and tissues like the skin, especially 

in the hair follicle (Paus et al. 1999a, Bohm and Luger 2000; Ito et al. 2005a, Paus 

2011) (Fig.5b). α-MSH induces melanogenesis and exerts it effect on both central 

and peripheral immune cells that express melanocortin receptors- family of G-

coupled receptors(Cone et al. 1996).  

As an immune regulator, α-MSH has many facets of controlling inflammation via 

activation of NFκB, increased expression of selected adhesion molecules, 

cytokine receptors, as well as by regulating cytokine release, anti oxidative 

enzymes and apoptosis (Luger et al. 2003, Brozoska et al. 2008 ). α MSH is also 

strkingly expressed in IP sites like the aqueous humor of the eye and the brain In 
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the eye, it induces Tregs to suppress T cell-dependent delayed type 

hypersensitivity and blocks IFN-γ production by T cells (Taylor and Lee 2011, 

Bohm et al 2012). In the brain, α-MSH suppresses the production of tumour 

necrosis factor-alpha by microglial cells via the Melanocortin receptor-1 (Wong et 

al. 1997, Luger and Brzoska 2007). α-MSH was also shown to prevent 

experimental induced encephalomyelitis (EAE) in mice, thus underscoring its 

potential to re-establish immune tolerance in the CNS and in anagen hair bulb 

(Taylor and Kitaichi 2008). Indeed, α-MSH can both prevent and restore IFN-g-

induced HF IP collapse in organ-cultured human scalp HFs (Ito et al. 2004). 

1.3.3.5  MIF 

The conserved, ubiquitously expressed secreted protein MIF plays a key role 

during skin regeneration (Gilliver et al. 2011). Upon discovery, MIF was primarily 

thought to inhibit macrophage migration (hence its historical name), and was later 

shown to regulate macrophage and lymphocyte functions via cytokine production, 

cell activation and phagocytosis (Bernhagen et al. 1996). MIF has been implicated 

to have a role in delayed type hypersensitivity, sepsis (Bozza et al. 1999) and 

rheumatoid arthritis (Leech et al. 1999).  

The skin expresses MIF in the basal layer of the epidermis, in endothelial cells and 

ductal and myoepithelial cells of the eccrine glands (Shimizu 2005a, Gilliver et al. 

2011). IP sites that express MIF include the fetal trophoblast, brain (Galat et al. 

1993) and the anagen hair follicle (Ito et al. 2008). MIF immunoreactivity is seen in 

the proximal part in the hair follicle epithelium and IRS (Fig.5b). MIF inhibits 

natural killer cells attack on MHCI negative cells by preventing the release of 

perforin as in many of the immune privileged tissues (Apte et al. 1998; Niederkorn 

2006, Ito et al. 2008). Lesional skin from alopecia areata patients showed total 

absence or diminished expression of MIF in the ORS of the follicle compared to 

healthy patients (Ito et al. 2008), thus potentially contributing to the inability of the 

IP-compromised hair follicles to curtail attacks by natural killer cells (Gilhar et al.  

2012). 
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1.3.3.6  IDO 

Indoleamine-pyrrole 2, 3-dioxygenase (IDO) is an iron-containing enzyme that 

converts tryptophan into NAD+ via toxic intermediates like hydroxyanthranilic acid 

(Hainz, 2007) and plays a key role in IP tissues by suppressing T cell functions. 

IDO released by antigen presenting cells quenches tryptophan from interacting T 

cells, thereby facilitating FAS-mediated apoptosis of T cells (Fruci et al. 2013). 

IDO is expressed in various cells like dendritic cells, tumour cells, bone marrow 

matrix cells, astrocytes, and endothelial cells and in IP sites such as the fetus, 

aqueous humour of the eye,islet cells and the human HF epithelium(Mellor and 

Munn 2000,Chen et al. 2007; Jalili et al. 2007,Hainz et al 2007,Forouzandeh et al. 

2008; Meyer et al. 2008)(Fig.5b) .  

1.3.3.7 MHC class II 

MHC class II (MHCII) is a transmembrane protein that primarily presents 

processed foreign antigens to CD4 T cells (Sompayrac 2012, Murphy 2011).It is 

present on antigen presenting cells like macrophages and dendritic cells and on B 

cells, while under pro-inflammatory conditions also some non-professional 

antigen-presenting cells such as keratinocytes can begin to express MHC class II 

(Yeoman et al. 1989,Fan et al. 2003,Pollack et al. 2013). MHC II expression is 

prominently down-regulated in IP sites, thus effectively abrogating the antigen-

presenting functions of dendritic cells (Niederkorn, 2002; Paus, 2005). This is also 

seen in human HF (Christoph et al. 2000, Ito et al. 2004).  

In the eye, TGF-ß down-regulates MHC II expression by antigen-presenting cells 

and affects the production TH1 type cytokines like IL10 (Niederkorn 2003). In the 

skin, HLA-DR+ Langerhans cells (LC) surround the immunoprivileged anagen hair 

follicle epithelium, and enter it exclusively above the bulge (Fig.5a), (Christoph et 

al. 2000, Meyer et al. 2008). The isthmus and proximal ORS show reduced 

number of MHCII + cells with the follicle bulb being devoid of any MHC II+ cells. In 

the CTS, the MHC II+ positive cells are distributed rarely in the isthmus but 

present in large numbers in the proximal CTS and around the hair bulb (Christoph 

et al. 2000). In similarity to human HFs, murine anagen follicles lack MHC II+ LC’s 

in the hair bulb (Paus et al. 1998). 
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1.3.3.8 CD4+ and CD8+ T cells 

CD4+ T cells mainly are activated by interacting with MHC II+ professional 

antigen- presenting cells such as Langerhans cells and macrophages (Sompayrac 

2013). This interaction leads to creating a cytokine milieu that recruits cells of a 

destructive or regulatory nature(Konig et al 2002, Ramlingam et al.2012) In the 

human skin CD4+ cells are distributed mostly around the vessels.very few number 

are present in the inter dermal spaces and the region of infundibellum surrounding 

the hair follicle(Bos et al. 1987,Christoph et al. 2000). 

Cytotoxic T cells and NK T lymphocytes express CD8 that mainly interact with 

MHC class I+ cells. In this manner,they function to attack tumour cells and virally 

infected cells that express tumour or viral antigens via MHC I, and participate in 

autoimmune disease like alopecia areata where MHC I-presented follicular 

autoantigens are thought to be recognized and attacked by CD8+ T cells 

(Kaufman et al 2010, Gilhar 2012). CD8+ T cells are rarely seen at the level of the 

hair follicle but some times very few numbers can be found at the distal part of the 

hair follicle (Christoph et al. 2000). ´ 

γδ-T cells are a primitive type of T lymphocytes that are predominantly found in the 

epidermis and distal HF epithelium; most recently, it was shown that these cells 

could actively regulate murine HF cycling (Klopper et al. 2013).  

 

1.3.3.9 Mast cells 

Mast cells are derived from hematopoietic progenitor cells and reside mainly in 

peripheral tissues and mucosal membranes (Botchkarev et al. 1997; Weber et al. 

2003, Sugawara et al. 2012). Mast cells contain different types of granules loaded 

with tryptase, histamine, prostaglandins, and cytokines (Christy and Brown 2007; 

Metz et al. 2008). They play an important role in organ specific autoimmune 

disorders like arthritis, bullous pemphigoid, asthma and multiple sclerosis 

(Harvima and Nilsson; Sayed et al. 2008, Stelekati et al. 2009). For example, mast 

cells are involved in delayed-type hypersensitivity by activation of FcεR by IgE and 

activation of alternate pathways via the receptors for complement, various 
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cytokines, neuropeptides, hormones and TLR (bacteria) (Gilfillan and Tkaczyk 

2006; Sayed et al. 2008). Mast cells influence the behavior of dendritic and T cells 

by expressing regulatory cytokines such as tumor necrosis factor alpha (Metz and 

Maurer 2007; Suto et al. 2006). Moreover, these cells also can act as antigen 

presenting cells by expressing MHCII and T cell receptors.  

Mast cells might also aid in protecting from autoimmune diseases (Christy and 

Brown 2007; Sayed et al. 2011; Walker et al. 2012, Mayo et al. 2012, Christy et al.  

2012, Brown & Hatfield 2012) and and play an important role in wound healing 

(Weller et al. 2006). For example, progression of systemic lupus erythematous in 

mast cell-deficient mice indicated their protective role against autoimmune multi 

organ failure (Christy and Brown 2007). In the anagen hair follicle mast cells are 

located in the CTS and are thus distributed all around the follicular epithelium in 

mice and man (Paus et al. 1994d, Christoph et al. 2000, Kumamoto et al. 2003, Ito 

N et al. 2010, Sugawara et al. 2012). Furthermore, mast cell numbers and 

activities show striking hair cycle-dependent changes both in rats and mice, and 

mast cells contribute to murine hair cycle regulation (Moretti et al. 1966; Paus et 

al. 1994d, Maurer et al. 1997, Botchkarev et al. 1995, Botchkarev et al. 1997). 

 

1.3.3.10 ICAM-1 expression 

Intercellular adhesion molecules (ICAM) are cell surface ligands belonging to 

immunoglobulin superfamily, which are mainly expressed on lymphocytes, 

endothelial cells etc. that adhere to integrins on leukocytes (e.g. ICAM-1 binds to 

LFA1 expressing cells) (Cameli et al. 1994). Endothelial cells prone to infection 

express increased levels of ICAM-1 that facilitates migration of lymphocytes to the 

site of inflammation (Munro 1993). Normal and immune privileged tissues 

sometimes express ICAM1 that would endanger their privilege, ICAM1 

immunoreactivity in the hair follicle was found on the cutaneous tissue sheath 

(CTS), dermal fibroblast and perifollicular immune cells (Jaworsky et al. 1992, 

Müller-Röver et al. 2000). 

For example, in healthy mice, perifollicular infiltrates can be seen surrounding the 

infundibular HF epithelium that expresses ICAM1 (Muller-Rover et al. 2000). In 
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non-inflamed skin some healthy anagen and catagen pelage follicles express 

ICAM1 below the level of SG and may thereby attract perifollicular infiltrates at the 

level of the bulge, thus potentially participating in a process that has been coined 

“programmed organ deletion” of the HF (Eichmuller et al. 1998). Furthermore, it 

was suggested that mice HF recruits perifollicular lymphocytes at the level of the 

bulge by expressing ICAM1 during stress (Arck et al. 2001, Joachim et al. 2008). 

Interestingly it was observed that the HF keratinocytes adjacent to perifollicular 

immunocytes show increased ICAM1-immunoreactivity (Christoph et al. 2000, 

Joachim et al. 2008). The role of ICAM1+ cells for carrying out such programmed 

organ deletion in CA remains to be clarified. (Eichmüller et al. 1998, Harries and 

Paus 2010, Harries et al. 2013)  

1.3.4 Cicatricial alopecia and immune privilege  

Gene and protein analysis of ORS keratinocytes (including bulge epithelial stem 

cells) from transgenic mice with keratin 15-promoter-driven green fluorescent 

protein show a down-regulation of many histocompatibility genes( H2-Q8, H-2K2, 

H-2D) (Morris et al. 2004). In other independent experiments involving mice or 

human follicles, it was shown that label retaining cells and ORS keratinocytes 

express TGF-β2 mRNA (Ohyama et al. 2006; Tumbar et al. 2004), a molecule that 

promotes IP in the eye (Niederkorn 2003, Kinori et al. 2012).  

The state of bulge IP is compromised in human CA, especially in diseases such as 

lichen planopilaris or CDLE (Harries et al. 2009, Harries and Paus 2010). This is 

strongly supported by evidence that there is increased expression of MHC class I, 

β2 macroglobulin, and MHC class II in the bulge region of lesional CA skin 

(Harries et al. 2009a; Harries et al. 2009b; Harries and Paus 2010, Harries et al. 

2013). Additionally, staining intensity for the stem cell marker keratin 15 in the 

bulge was comparatively decreased in lesional CA skin (Al-Refu and Goodfield 

2009; Pozdnyakova and Mahalingam 2008, Harries et al. 2013).  

These results suggest that the bulge undergoes both, collapse of IP and loss of 

epithelial stem cells in human CA (Harries and paus 2010, Al-Refu 2012). 

However, it remains to be understood whether this also occurs in EBA; which 
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steps lead to the loss of bulge IP; and whether IP restoration/protection strategies 

can be envisioned that restore the lost IP. 

1.4 Cicatricial alopecia 

In the following, some background information on CA is provided. 

1.4.1. What is cicatricial alopecia 

CA represents a complex group of hair follicle disorders that are subdivided into 

various categories based on the type of inflammatory infiltrates and disease 

phenotype (see table 1). Inflammation in many of the disease types mainly 

contributes to permanent replacement of the hair follicle by scar tissue. CA lesions 

in patients range from a diffuse pattern of hair loss to that of larger, often confluent 

alopecic patches. Patients sometimes complain of pain, itching sensation along 

with erythematous lesions, and pustules in severe cases of the disease (Fig.6) 

(Harries et al.2009). The prolonged nature of the disease and many other factors 

that contribute to its comeback make it a difficult disease to treat. Inflammation 

though considered one of the major contributors is only seen during the late and 

acute phases (Somani and Bergfeld 2008; Stefanato 2010). 

The occurrence of CA is very rare when compared to the major autoimmune hair 

loss disorder, alopecia areata (Gilhar et al. 2012), and the epidemiological data on 

the occurrence of various forms of CA are very limited (Somani and Bergfeld 

2008, Harries et al. 2009, Summers et al. 2011, Griffin et al. 2012, Rongioletti & 

Christana 2012). 

1.4.2 Classification 

The clinical picture presents a challenge to classify CA because of unknown 

etiology behind the disease process and due to the large amount of time taken for 

disease progression. The North American Hair Research society (NAHRS) has 

broadly classified the diseases into four major groups. a) Lymphocytic b) 

Neutrophilic c) Mixed d) Nonspecific. the lymphocytic group mainly consists of 

chronic cutaneous lupus erythematosus (CCLE), lichen planopilaris (LPP), frontal 

fibrosing alopecia, Graham Little syndrome, classic pseudopelade (Brocq), central 

centrifugal cicatricial alopecia (CCCA), alopecia mucinosa, keratosis follicularis 



35 

 

spinulosa decalvans. The neutrophil group consisted of folliculitis decalvans, 

dissecting cellulitis/folliculitis. The mixed group consists of Folliculitis (acne) 

keloidalis, Folliculitis (acne) necrotica, and erosive pustular dermatosis (Olsen et 

al. 2003, Harries et al. 2009, Rongioletti & Christana 2012). 

1.4.3 Histopathology of cicatricial alopecia 

The common histopathological evidence of CA includes the presence of various 

types of inflammatory infiltrates and lamellar fibrosis surrounding hair follicles. 

Histopathology of individual diseases shows distinct or even similar features with 

different type of infiltrates. The lymphocytic type of CA is characterised by 

hyperkeratosis, folliculitis and deep lymphoid cell infiltrates, often with some 

plasma cells. The late stages of the disease show lamellar fibrosis with basement 

membrane thickening (Fig. 6) (Stefano et al 2010, Harries et al 2009, Rongioletti 

and Christana 2012)  

For example, early stages of lichen planopilaris display vacuolar changes with 

moderate lymphocytic infiltrates at the level of the infundibulum and isthmus. In 

the advanced stages, the disease is characterised by concentric lamellar fibrosis 

with decreased lymphocyte infiltrates (Hordinsky 2008). 

 

Fig.6: Disease phenotype and histopathology of cicatricial alopecia.Lesion of cicatricial alopecia on the 

back head of a patient with CCCA (a).Pathological section stained with HE depicts dense inflammatory 

infiltrates surrounding the follicles (b, arrows).Concentric lamellar fibrosis with infiltrates (c, arrows) seen 

around the hair follicle in a pathological section stained with HE (fig a, b from Harries et al., 2009; c from 

Stefanato, 2010). 
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CCCA is another progressive form of lymphocytic CA with early lesions showing 

pustules, crusting and erythema with bacterial infections. Histopathology shows 

concentric fibrosis with peri follicular and vesicular lymphoid infiltrates. (Somani 

and Bergfeld 2008) The pseudopelade of brocq is a distinct group that displays 

concentric lamellar fibrosis, loss of sebaceous glands, and follicular units may 

represent the end-stage of various types of CA (Sperling et al. 2000,Sperling and 

Whiting 2003).  

In the classical neutrophil type of CA, folliculitis decalvans, histopathology in early 

lesions shows acute dense perifollicular and intrafollicular neutrophils, 

lymphocytes, histiocytes and plasma cells. Late stages like many other diseases 

show perifollicular fibrosis and interstitial fibrosis (Whiting 2001,Castano-Saurez et 

al. 2012).In the mixed-type of folliculitis (acne) keloidalis early stage lesions show 

follicular dilatation with neutrophils, and follicular rupture with peri follicular 

abscesses. The late stages display lymphocytic and plasma cell infiltrates with 

hypertrophic scar tissue and hyalinised keloidal bundles. Nonspecific CAs mostly 

represent end stages of other CAs dominated by lamellar fibrosis and scar tissue 

formation (Somani and Bergfeld 2008; Stefanato 2010). 

1.4.4 Cicatricial alopecia as a secondary event in other skin diseases 

CA can present as a secondary event in other dermatological diseases like EBA, 

bullous pemphigoid, psoriasis, mastocytosis, and organoid nevus. It is also seen in 

diseases like hepatitis and inflammation induced tissue damage (Al-Zaid et al. 

2011; Bardazzi et al. 1999; Jackson and Callen 1998; Miteva et al. 2011; Severs 

et al. 2008; Xu et al. 2003).  

In the acquired forms of bullous disease like epidermolysis bullosa acquisita (EBA) 

and bullous pemphigoid (BP), infiltrates target structural proteins in the basement 

membrane leading to blister formation after binding of pathogenic IgG. Primary 

lesions include blisters with infiltrates at the basement membrane zone and 

secondary scarring together compromise hair follicle regeneration (Miteva et al. 

2011; Tosti et al. 2010). However, the pathobiology of these secondary forms of 

CA, and the mechanisms and extent of stem cell damage and/or IP collapse in the 
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bulge in EBA remain completely obscure. This is to be further examined in the 

current thesis, using EBA mouse models. 

 

1.4.5 Pathobiology of CA 

 

 

Fig.7:. Various factors that are thought to contribute to the disease process of CA  

 (from Harries et al., 2010). 

The actual triggers for recruitment of inflammatory infiltrates at the hair follicle are 

not well characterised. Not much is known about the type of events in the hair 

follicle keratinocytes, SG or epidermal keratinocytes that directly contribute to the 

pathobiology of the various forms of CA. Many theories underlying in the 

pathogenesis of CA have been proposed over the years (Fig.7) (Stenn et al. 

2006,McElwee 2008,Harries and Paus 2010, Karnik and Stenn 2012). CA is 

hypothesised to occur due to irreversible inflammatory damage of epithelial HF 

stem cells. In fact patient samples showed decreased expression of keratin 15 in 

the lesional skin of CA patients(Pozdnyakova et al. 2008).Evidence in this regard 

also comes from the ablation of stem cells from the hair follicle by introduction of 

suicide gene in mice using keratin 15 promoter (Ito, 2005 ). These mice lost hair 
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follicle and sebaceous glands further indicating that destruction these cells may 

play a vital role in the generation of cicatricial alopecia (Paus and Czarnetzki 

1994a, b, Mobini et al. 2005, Cotsarelis 2006, Tiede et al. 2007a, Harries et al. 

2013 ). 

The constitutive expression of MHC I below the level of the sebaceous gland in 

the normal follicle is either low or minimal. The HF ORS also expresses CD200 a 

marker mainly seen on bone marrow stem cells (Rosenblum et al. 2004). 

Furthermore, the anagen follicles secretes substances like α- MSH and TGFß that 

act as anti-inflammatory ”guardians of HF IP” (Paus et al. 2005). Equally 

important, the absence of fully functional LC’s and the scarcity of intraepithelial T 

lymphocytes in and below the bulge suggest that these cells are actively 

suppressed and/or discouraged from entering the bulge epithelium (Paus et al. 

2005).  

Recent evidence suggests that the bulge -a major target of inflammatory infiltrates 

in CA that is devoid of MHC I expression in the normal state (Ito T et al. AJP 2004, 

Meyer et al. 2008) becomes prominently MHC I+ only in the diseased state, e.g. in 

lichen planopilaris (Harries et al. 2013,Harries et al. 2010, Harries and Paus 2010)  

The role of PPAR-γ in development of lichen planopilaris remains to be one of the 

most intriguing findings in the field of CA research. Karnik et al (2009) found that 

targeting PPRG specifically in the stem cells under the influence of keratin 15 

promoter lead to phenotype that is similar to lichen planopilaris with alopecia and 

inflammatory infiltrates in mice. 

Recently it was shown that Ahr (Aryl hydrocarbon receptor) signalling contributes 

to CA. Transgenic mice lacking Ahr showed progressive alopecia and 

histopathology showed perifollicular inflammation, follicular cysts, loss of 

sebaceous glands, and follicular scarring in the advanced stages.These results 

add more complexity to our current understanding of CA and points to the role of 

the yet unexplored area of lipid metabolism in causing cicatricial alopecias (Karnik 

et al. 2009,Harries et al. 2009,Sten and Karnik 2010,Paniker et al 2012)  

The sebaceous gland is loaded with complex lipids that aid the hair follicle egress 

through the hair canal (Stenn et al. 1999). The detection of complex lipids in the 



39 

 

diseased skin samples and the presence of excessive inflammatory infiltrates 

surrounding the hair follicle in asebia mice (which show both CA and degeneration 

of their SGs along with a massive increase in the number of skin mast cell) further 

support a role for the sebaceous gland in preventing follicular inflammation 

(Sundberg et al.2000, Stenn, 2001). Also the accumulation of complex lipids in the 

hair canal and the desquamation of the IRS does not allow the hair shaft to be 

shed and thereby pushing the hair shaft into the DP, thus supposedly causing 

rupture and accumulation of infiltrates (Rongioletti and Christana 2012,). These 

findings invited the hypothesis that the sebaceous gland plays a key role in CA 

pathogenesis (Stenn 2001, Al-Zaid et al. 2011). 

When sections of CA patients with lichen planopilaris were examined, most of the 

follicles were surrounded by macrophages. Further, the pattern of gene 

expression from array analysis indicated immediate macrophage response. 85 % 

of the upregulated genes depended on the p53 pathway, indicating a possible role 

of p53 in CA pathogenesis (Karnik et al. 2009). Further, the frequent presence of 

S.aureus infections in patients within the neutrophil subtype of CA raises the 

question whether infections may trigger an inflammatory response that destroys 

the hair follicle (Jackow et al. 1997; Powell et al. 1999). This pathogenesis concept 

was further supported by the observation that the serum of patients with lupus 

erythematosus cross-reacts with Epstein Barr virus epitomes (Poole et al.2009, 

Draborg et al 2012). 
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1.4.6 Treatment  
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1.4.7 Cicatricial alopecia associated with bullous disease 

CA is a major hallmark of both genetic and acquired forms of bullous dermatoses 

(Fig.8). In bullous disorders like BP and EBA, lesions of alopecia along with 

associated scar tissue are noticed on the scalp. The underlying pathogenesis is 

unknown. Over the years, the presence of infiltrates in tissue section leads to the 

speculation that inflammatory events lead to permanent loss of stem cells (Tosti et 

al. 2010, Miteva et al.2011). The access to stem cells occur due to destruction of 

basement membrane (BM) proteins associated with outer root sheath 

keratinocytes of the hair follicle bulge region by surrounding infiltrates  

The proteins plectin, alpha 6 beta 4 integrins, collagens -type VII collagen, type IV, 

hemi desmosomes –desmoglein 3, desmoglein 1, plakophilin, plakoglobin, 

Laminins- laminin 311, laminin 322, laminin 5 are expressed on the cell membrane 

that anchors the basal layer ORS keratinocytes and epithelial stem cells to the 

basement membrane (Chan 1997, Joubeh et al.2003, Watt and Fujiwara et al. 

2011). The follicular distribution of these proteins, which are also found in the 

bulge and isthmus region, is thought to be similar to that of the epidermis (Tosti et 

al. 2010, Miteva et al.2011). The distribution pattern of some of these proteins 

(e.g. laminin 322 and α6β4 integrins) is non-homogeneous .On the other hand, 

desmoglein 3 is widely distributed throughout the basal layer of the ORS in the 

infundibulum and isthmus region. Type VII collagen is uniformly distributed all 

along the basement membrane of the follicle in both humans and mice (Tosti et al. 

2010). 

In autoimmune bullous dermatoses, autoantibodies against BM-associated 

autoantigens are generated in great quantities by plasma cells and thus 

compromise the structural integrity of the dermoepidermal junction, eventually 

causing blistering. These autoantibody-induced blisters can also occur along the 

BM of the HF (Tosti et al. 2010) and can thus potentially damage the HF and its 

vital stem cell zone, the bulge. One of these autoimmune bullous dermatoses is 

EBA, a member of the group of epidermolysis bullosa disorders (see below). 

Autoimmune CA is also seen in pemphigus vulgaris, in which autoantibodies bind 

to desmoglein 3, leading to blisters with acantholysis (Veraitch et al. 2013, 

Kurzejet al. 2012). Mice with spontaneous mutations in desmoglein 3 show hair 



43 

 

loss and separation of inner and outer layers of the follicular ORS is prominent in 

these models (Holm et al. 2010). Cicatricial pemphigoid is due to the production of 

antibodies towards BP230 and/or laminin 332. However, CA occurs in only seven 

percent of the total patients suffering from cicatricial pemphigoid (Miteva et al. 

2011). 

Fig.8: Cicatricial alopecia in bullous diseases.Lesions of alopecia in the occipital skin of a patient with 

hereditary form of bullous disorder-recessive dystrophic EB (a). b) Lesions of cicatricial alopecia on the 

forehead from a patient with pemphigus vulgaris (b, arrows). Scarring alopecia with scalp involvement in a 

patient with epidermolysis bullosa acquisita (c) (a from Miteva et al., 2011; b, c from Tosti et al., 2010)  

Epidermolysis bullosa disorders are classified mainly into two individual types a) 

genetic b) acquired forms. Familial forms include epidermolysis bullosa simplex, 

junctional epidermolysis bullosa, dystrophic epidermolysis bullosa, and Kindler 

syndrome (Gonzalez et al. 2013,Fine et al. 2008). Hair loss in epidermolysis 

bullosa simplex can occur due to mutations in keratin 5 or keratin 14 genes, 

desmoplakin gene or due to deficiency of plakophilin 1. Hair loss of scarring 

phenotype can be seen in diseases with mutations in desmoplakin and due to 

deficiency of plakophilin (Varki et al 2006). Junctional epidermolysis bullosa 

occurs due to defects in laminin (Non-Herlitz), deficiency and mutations in type 

XVII collagen, and reduction of integrin β4 (pyloric atresia) (Pfender and Lucky 

2008). Severe to moderate alopecia with scarring phenotype also occurs in 

patients having junctional epidermolysis bullosa (Varki et al. 2007). A mouse 
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model was also generated in order to study genetic influences in non-Herlitz 

junctional epidermolysis (Bubier et al. 2010, Fine 2010,Intong et al. 2012)  

Dystrophic epidermolysis bullosa occurs due to mutations in collagen7A1 

(recessive dystrophic epidermolysis bullosa) Scalp lesions show folliculitis-like 

lesions, follicular papules and pustules. Histopathology shows scar tissue 

formation along with infiltrates (Fine and Mellirio 2009a, b, Tosti et al. 2010, and 

Murauer et al. 2011). Kindler syndrome occurs due to defect in kindlin or fermitin 

family homolog1. Patients with Kindler syndrome do not have alopecia, as the HF 

does not express these proteins (Gonzalez 2013, Intong et al. 2012, and Tosti et 

al. 2010).  

1.5 EBA (Epidermolysis bullosa acquisita) 

In the acquired form of epidermolysis bullosa (EBA), hair loss of the scarring 

phenotype occurs due to production of autoantibodies against type VII collagen of 

the lamina densa (Miteva et al. 2011). Lesions involve blisters with scar and milia 

formation in mechanically stressed areas. Additionally, mice models for EBA show 

blisters with inflammatory associated hair loss (Sitaru et al.2005,Bieber et 

al.2010,Ludwig et al 2011).  

1.5.1 What is EBA? 

EBA is an autoimmune skin disease of blistering phenotype. Mostly,EBA occurs in 

aged individuals with only very few cases of children being reported (Schmidt et al 

2002, Mayazumi et al. 2006). The frequency of EBA in the normal population is 

comparatively low and widely varies between countries-Scotland (49 cases per 

million births), States (54 cases per million births), Japan (7.8 cases per million 

births) and in Croatia (9.6 cases per million births) (Horn et al.2008, Fine et 

al.1999). 

The disease extends from a mild to severe cases of blisters typically seen on the 

skin, oral cavity and mucosal surfaces such as gut and vagina (Fig.9).  
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Fig.9: Phenotype and histology of bullosa acquisita.Bullous lesions seen on the buttocks of a patient with 

epidermolysis bullosa acquisita (a).HE staining showing dermal epidermal separation with infiltrates (b). c) 

Immunofluorescence staining depicting the binding of pathogenic antibodies to type VII collagen in the 

basement membrane(c). (modified from Ishii et al., 2011). 

Formation of blisters is chiefly due to the immune triggers like complement 

fixation,neutrophil activation and T cell responses after the binding of pathogenic 

autoantibodies to type VII collagen (Hashimoto et al 2012,Chen et al. 2012 ; 

Ludwig and Zillikens 2011). Treatment of EBA involves using topical, oral and 

intravenous immunosuppressants, intravenous immunoglobulins and/or other 

immunomodulatory therapies (Meurer et al. 2012) 

Type VII collagen constitutes the major part of anchoring fibrils in the basement 

membrane of the skin. Pathogenic anti type VII collagen antibodies belong to IgG 

subclasses that predominantly belong to 2a, b isotypes. Most of the time, isolated 

antibodies from serum samples bind mostly to N terminal of the noncollagenous 

domain one (NC1). Furthermore, antibody is binding to non collagenous domain 

two (NC2) were isolated as well (Recke et al 2009, Ludwig et al 2011, Saleh et al 

2011, Licarete et al 2012.). Recently, mouse models have been developed for 

studying or analysing the pathogenic mechanisms and the disease phenotype in 

these mice closely resembles the human disease, with visible blisters and 

associated CA lesions (Gupta et al. 2012, Ishii et al. 2011; Remington et al. 2008). 

1.5.2 Animal models of EBA 

Given the relative rarity of EBA, it has become imperative to develop mouse 

models, which closely resemble the human disease in order to dissect the 
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pathobiology of EBA. In this regard, different strategies based on the use of animal 

models have been developed in the recent past.  

The first EBA model was produced by directly injecting purified anti type VII 

collagen IgG from sera of patients into hair less immune competent mice. These 

mice developed blisters, crusts and loss of nails (Woodley et al. 2006). Another 

passive EBA model was developed by injecting polyclonal IgG antibodies raised in 

rabbits against the non collagenous (NC1) domain of type VII collagen into 

C57BL6 mice (Sitaru et al. 2005,Samavedam et al. 2013). In this model, like in its 

human counterpart, mice develop crusts, blisters and erosions within four to six 

days after antibody injection. CA is found on both ventral and dorsal skin, most 

prominently around the eyes, snout, head, neck, and back skin after 12 days 

(Fig.10) (Sitaru et al. 2005, Samavedam et al. 2013). 

An active model of EBA was produced by injecting a recombinant protein (GST-

mCOL7C) and titermax® as an adjuvant over a period of four weeks into SJL 

mice. These mice developed blisters on the head, flanks, abdomen and tail 

(Bieber et al. 2010, Ludwig 2012, Sesarman and Sitaru 2013; Hashimoto et al. 

2012). Over the year’s mouse models representing hereditary types were also 

developed. Mouse model that resembled DEB have also been generated by 

conditionally inactivating COL7 expression, these mice developed mucocutaneous 

blistering, nail dystrophy, and deformities of the extremities (Fritsch et al. 2008). 

Mouse model with autosomal recessive mutation as result of insertion of long 

terminal repeat of murine leukemia into laminin 2 gene resulted in generalized 

non-Herlitz JEB as in humans These mice developed blistering along with bone 

demineralization (Bubier et al. 2010)  

 



47 

 

 

Fig.10: Mice models of epidermolysis bullosa acquisita.Passive mouse model of epidermolysis bullosa with 

scarring phenotype (C57BL6/6J), arrows indicating lesions of alopecia on the head and back skin (a).Active 

mouse model of epidermolysis bullosa with blisters (SJL), arrows indicating blister and associated alopecia 

on the back skin (b). pathogenic IgG deposition at the dermal epidermal junction, as shown by 

immunofluorescent imaging in the active mouse model of EBA (c).(from Hanna et al.).H&E staining depicting 

lamellar fibrosis (arrow) along with surrounding infiltrates in the peri lesional skin of passive mouse model 

of EBA (d).H&E staining depicting a deceased hair follicle (arrow) in the peri lesional skin of active mice 

model of EBA (e). (Fig b, c from Sitaru et al., 2006.)  

 

1.5.3 Structure and function of type VII collagen 

In order to understand the molecular target of EBA, the role of collagen type VII in 

skin biology shall be briefly reviewed. 

Epidermis and dermis are separated by a BM and are held together by an 

intricately composed anchoring complex, consisting of hemidesmosomes, 

anchoring filaments and anchoring fibrils (Fig.11a-b) (Bruckner-Tuderman et 

al.1999, Gelse et al.2003.). 
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Fig.11: Schematic diagram showing various structural proteins of the epidermal keratinocytes and 

basement membrane.Desmosomes are skin structural proteins having complexes of desmoglein-

desmoplakins that hold adjacent keratinocytes together. Hemidesmosome are group of integrin proteins 

that form a link between the basement membrane and keratins of the keratinocytes via the non covalent 

plectin plaques. Integrins moreover connect the under laying collagen filaments (type VII and type IV) in the 

lamina densa via laminin 5/ laminin 322 (modified from Bieber et al., 2010(a).Diagram depicts the 

processing of the pro-peptide to form individual molecules of type VII collagen( modified from (Bruckner-

Tuderman et al.1999) that criss cross the lamina densa or end up in  anchoring plaques.BP-bullous 

pemphigoid antigen, C-cytoplasm, N-nucleus, NC1-noncollagenous domain 1, and NC2-non collagenous 

domain 2(b). 

The anchoring filaments help in connecting the lamina lucida to the lamina densa. 

These fibrils extend from one point to another point within the lamina densa and 

even end up as anchoring plaques. These fibrils act as molecular nets that collect 

other collagens like laminin 5 and type VII collagen. Laminin 5 appears to aid in 

the attachment of α6 β4 integrin to type VII collagen (Rousselle et al. 1997, 

Bruckner-Tuderman et al.1999,). Type VII collagen is a ~ 1000 KD macromolecule 

consisting of repeated dimers of NC1 domain and collagenous triple helix. Type 

VII collagen precursor protein consists of fragments of non collagenous (NC1-145 

KD) domain at the N terminal end, a collagenous triple helix (145-kD), and a 

noncollagenous domain (NC2-30-kD) at the C terminal end (Gelse et al.2003, 

Burgeson et al. 2006). 
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Subsequently after secretion of the pro-peptide into the matrix via the golgi, 

collagen fibers bind laterally in a non stacked fashion (anti parallel arrangement) 

with the help of a disulfide bond formed between the carboxyl terminals of NC2 

domains. Further, the NC2 pro peptide is cleaved to form a continuous anchoring 

fibril. The collagenous domain consists of repeats of GLY-X-Y- sequences, which 

fold into a triple helix and interrupted by non-collagenous sequences constituting 

19 - 36 amino acids. This structured arrangement renders it more flexibility 

(Bruckner-Tuderman et al.1999). 

1.5.4 Anti-collagen type VII autoantibodies in EBA 

As stated, EBA occurs due to the presence of anti type VII collagen antibodies in 

the blood of patients. Mostly the pathogenic autoantibodies belong to to the 

immunoglobulin G (IgG) class (Sitaru et al. 2007, Ludwig and Zillikins et al 2011). 

It was reported that a subgroup of EBA patients also shows secretory IgA 

autoantibodies against type VII collagen (Wozniak et al. 2013). Moreover EBA can 

also occurs as secondary event as anti-type VII antibodies are also found in the 

serum of patients with other autoimmune diseases, such as systemic lupus 

erythematosus and inflammatory bowel disease (Licarete et al. 2012).  

Most of the autoantibodies in EBA patient serum are detected by direct 

immunofluorescence or ELISA (Saleh et al 2011, Marzano et al. 2012). The IgG 

seen in EBA patients spans from G1 to G4 subclasses with IgG 1 seen more 

frequently in almost all patients (Sitaru et al. 2007). Interestingly, each of these 

antibodies have different modulatory capabilities: IgG 1 and IgG 3 activate all type 

of Fc receptors and activate the C1 of the complementary system. IgG4 activates 

Fc receptor in a subdued manner and does not activate C1q. IgG2 shows 

restricted activation of Fc receptors and C1q (Mihai et al. 2007) The inflammatory 

events leading to blister formation mainly involve activation of complement and 

granulocytes (Csorba et al.2012). Recently it was shown that increased 

galactosylation of IgG1 antibodies to type VII collagen prevents EBA in the 

passive model (Karsten et al. 2012).  
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1.5.5 Pathobiology of EBA: 

EBA represents a rare skin disorder wherein the binding of autoantibodies to type 

VII collagen in sub lamina densa leads to a blister formation (Fig.12a-b). This 

phenomenon is observed mostly on the skin (especially areas of mechanical 

stress), mucosal membranes of the pharynx, gut and vagina (Ludwig and Zillikins 

et al. 2012, Hashimoto et al. 2012). Autoantibodies to type VII collagen belongs 

IgG subclass that predominantly consists of either IgG 1, IgG 2a or 2b subtypes. 

These antibodies bind mostly to the NC1 domain of type VII collagen with varying 

affinities. However, pathogenic antibodies that bind to different regions (NC2) have 

also been isolated from the serum of patients (Chen et al. 2012). Histological 

examination of lesional skin showed dense neutrophil accumulation at the affected 

site (Chiriac et al. 2007). Efforts are underway to understand disease mechanisms 

as to how the blister formation occurs by focusing on individual components. 

 

Fig.12: Schematic diagram showing the pathogenesis of EBA. a) The deposition of autoantibodies to type 

VII collagen in the basement membrane leads to complement deposition, this complex recruit neutrophils 

that further bring tissue destruction (a) Histology showing dermal epidermal separation and hair follicle 

destruction in EBA mice (b).LD-Lamina densa, SLD-sub lamina densa. 

In this regard, it was proved that pathogenic antibodies were shown to fix 

complement upon binding to type VII collagen in the BM (Mihai et al. 2007). Follow 

up experiments on factor B deficient mice reveal no disease process upon 

induction with pathogenic IgG but lead to blister formation upon injecting 

neutrophils. Furthermore, blocking C5a also diminished antibody-mediated 

disease. These experiments strongly support a direct role of complement and 
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neutrophils in causing antibody-mediated blistering in the employed murine EBA 

models (Chiriac et al. 2007, Ludwig and Zillikins 2011). 

Neutrophils are considered as major participants of tissue injury in both human 

and mouse models of EBA. They bring about tissue injury by dislodging various 

proteases and ROS at the dermal epidermal junction. Functionally blocking of 

neutrophils with anti-Gr1-antibody clone RB6-8C5 and using protease inhibitors 

lead to complete redemption of the disease even after repetitive injections of 

antitype VII collagen IgG (Chiriac et al. 2007) 

Recently, T cells were suggested to be important partners in the disease process 

by aiding antibody production in the EBA mice model (Sitaru et al. 2010). Injection 

of T cells sensitized with fragments of GST-mCOL7C into nude SJL mice 

potentiates a full-blown disease. Recently it was found that EBA susceptibility in 

SJL mice is dependent on the H2s haplotype within the  MHC and is due to a 

specific cytokine gene profile (IL 4/IFN) in the draining lymph nodes that promotes 

Th1 responses (Hammers et al.2011). Clinically it was also shown that patients 

treated with both immunoadsorption and rituximab maintained intermediate levels 

of IgG for about 25 months. Further, ex vivo experiments with mononuclear cells 

derived from patients revealed a decrease in T cell (Th1,Th2 and IL-10+ T cells) 

responses to Col VII-NC1.This experiment shows a clear nexus between proactive 

T cells/Tregs and B cell clones in causing EBA in patients (Muller et al. 

2010,Ludwig and Zillikins et al.2011,Uiije and Shimizu 2012). However, it was 

shown that induction of disease by injecting GST-mCOL7C into the SKH1 strains 

depleted of regulatory T cells (hairless mice) did have a normal disease (Chen et 

al. 2006) and this might indicate that T regs might not participate in disease 

induction. 

The association of MHC with autoimmune inflammatory diseases is widely 

studied.(Nepom and Erlich 1991,Wucherpfenning and Strominger 1995,Fernando 

et al. 2008). In a cohort of small group of patients with EBA, an association of the 

disease with HLA DR2 has been noticed. Similarly, in murine models, H2s was 

strongly associated with disease since inbred SJL mice injected with recombinant 

mCOL7 and Titermax® showing highest EBA susceptibility (Ludwig et al 2011, 

Ludwig and Zillikins et al. 2011). The role of cytokines in causing EBA of the 
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inflammatory phenotype remains under exploration. Recent evidence points to a 

role for IL 6 in protecting mice from EBA via the down-regulation of IL1ra 

(Samavedem et al. 2012). As the role of using intravenous IgG therapies comes 

into prominence so are the role Fc receptors in inducing blistering in EBA (Ludwig 

and Zillikins et al. 2011). Through genetic studies in EBA patients and functional 

studies in animal models Kasperkiewicz et al (2012) recently showed the role of 

both activating FcγRIV and inhibitory FcγRIIB in the pathogenesis of EBA. The 

mechanisms that lead to tolerance break down against COL7, however, remain 

largely unclear (Kasperkiewicz et al. 2011, Kasperkiewicz et al. 2012, Hashimoto 

et al. 2012)  

 1.5.6 General questions on how CA occurs in EBA 

It is undisputed that CA in EBA occurs due to binding of autoantibodies to type VII 

collagen in the HF basement membrane. This causes blisters and alopecia as the 

HF basement membrane is rich in type VII collagen (Miteva et al. 2011). However, 

this alone does not explain the occurrence of scarring alopecia , a hallmark of both 

passive and active mouse models of EBA(Ludwig and Zillikens 2011), since CA 

likely occurs as a result of irreversible epithelial HF stem cell damage in the bulge 

zone of the HF’s ORS (Paus and Cotsarelis 1999, Cotsarelis 2006, Harries & 

Paus 2010, Harries et al. 2013). Therefore, it remains an important challenge of 

EBA research to clarify how such HF stem cell damage as a result of antibody-

induced blistering is initiated. The current thesis project attempts to make a first 

step towards elucidating the likely complex underlying bulge pathobiology in EBA. 

1.6 Aims of the thesis, working hypothesis, and specific  questions 

 addressed  

The major goal of the current study was to better understand the key mechanisms 

behind the irreversible destruction of epithelial HF stem cells in EBA -associated 

CA.  

The underlying working hypothesis that guided this study was that anti-collagen 

type VII antibody-induced perifollicular inflammation may endanger the bulge IP, 

which would make bulge stem cells more susceptible to further inflammatory 

damage, thus eventually inducing excessive HF stem cells death, depletion of the 
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bulge stem cell niche, and ultimately exhausting the HF’s capacity to regenerate. 

Clinically, this would result in CA.To probe this working hypothesis; the following 

specific questions were addressed. 

1. Is there is immunophenomenological evidence that the  bulge  region 

 of murine telogen HFs is immunoprivileged? 

2. What important inflammatory cell infiltrates bring about hair  follicle 

 destruction?, Moreover, does the presence of infiltrates correlate with 

 a) bulge IP collapse b) key cytokine changes and c) HF epithelial stem 

 cell damage in passive and active mouse models of EBA? 

3. Does injecting Anti FcγγγγRIV antibody reverse the process of 

 inflammation mediated follicular damage. by restoring bulge 

 immune privilege?  

1.7 Experimental design 

To examine whether IP exists in the bulge of murine telogen follicles (which had 

not been documented before), key IP markers, i.e. MHC class I, CD200 and TGF-

β1 were assessed by immunohistology.  

To study the phenomenology of HF stem cell destruction we employed both the 

passive and active mouse models of EBA. Passive model mice (C57/BL6) were 

injected with pathogenic anti COL7 IgG , while in active EBA model mice a 

recombinant protein (GST-mCOL7c ) was repetitively injected withTitermax®. Only 

back skin devoid of visible skin lesions and alopecia was examined so as to obtain 

early lesional HFs that were under the attack of anti-collagen VII antibodies and/or 

inflammatory cell infiltrates, but had not yet been destroyed.  

Besides follicular IP parameters such as MHC I and CD200, various inflammatory 

infiltrate markers such as CD4+ cells, MHC II+ cells, mast cells, CD54+ cells and 

CD8+ cells, and selected cytokines (IL-15, TGFß1 [Mirghomizadeh et al. 

2009,Foitzik et al. 2000]) were analyzed by quantitative immunohistomorphometry. 

This was complemented with analyzing the expression of CD34, a sensitive 

murine bulge stem cell marker CD34 ( Lander et al.2012.) to ascertain the extent 

of damage to the bulge stem cell compartment. 
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Finally, to test the hypothesis that FcγRIV receptor also plays a key role in 

mediating the HF damage that leads to EBA-associated CA, BALB/C mice were 

simultaneously injected with anti-COL7 IgG and anti FcγRIV antibodies 

(Nimmerjahn et al.2011, Kasperkiewicz et al. 2012, Hashimoto et al.2012). 

Subsequently skin sections of non-alopecic skin were stained and quantified for 

changes in important bulge IP markers such as MHC I and CD200, and the 

distribution of various relevant immunocytes like CD4+ cells, MHC II+ cells and 

mast cells in the ORS, CTS and dermis was determined by quantitative 

immunohistomorphometry 

 

1.8 Limitations of the study  

The present study has several limitations, this  study is limited by small sample 

size, which also limits us to perform the required statistics. Further, an increase of 

at least one or two mice per group in all the experiments would have markedly 

improved the data both qualitatively and quantitatively.  In case of the active model 

which has a longer incubation time, the experimental data has been derived from 

one single experiment and requires one additional experiment for making  

improvedconclusions. 
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2.0 Materials and Methods 

2.1 Mice, animal license and mice experiments 

Murine back skin was taken after EBA induction in a collaborative effort with the 

laboratory of Prof. R. Ludwig and Prof. D. Zillikens, Department of Dermatology, 

University of Lübeck, Germany. For the passive model, active model and 

treatment with anti FcγRIV experiments female C57BL/6J mice, SJL mice and 

BALB/c aged between seven to eight weeks old were purchased from Charles 

River. All animal experiments were caged and treated in the animal facility of the 

University Hospital Schleswig-Holstein under protocols approved by the respective 

governmental authorities (09/37f, Ministerium für Landwirtschaft, Kiel, Germany) 

and the guidelines of state authority for animal research conduct (LaGetSi, Berlin, 

Germany).  

2 to 4 mice were examined for each group and placed into cages with normal 

day/night cycles. To obtain reproducible results, two independent repeats of each 

experiment were performed (in the case of the passive EBA model and treatment 

with anti FcγRIV). Owing to time constraints, only a single independent experiment 

could be performed for the active model mice. 

2.1.1 EBA mouse models employed: Passive versus active mouse models 

For passive EBA model mice, 6 week old C57BL6 mice were used and injected 

with purified anti type VII collagen IgG (Samavedem et al.2012).In the active EBA 

mouse model, the disease was induced in six week old SJL mice by injection of 

purified GST-mCOL7C + Titermax®(Hammers et al. 2011, Hirose et al. 2012). 

Details are listed below. 

2.1.2 Antibody purification 

Pathogenic IgG antibodies inducing EBA were affinity-purified using previously 

established protocols (Sitaru, 2005). Briefly, IgG antibodies were isolated using 

protein G sepharose column (Amersham Biosciences, Heidelberg, Germany) from 

serum of rabbits immunized with recombinant fragments located within the murine 
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NC1 domain of COL7. Columns were washed with intermittent changes of PBS, 

glycine buffer, sodium chloride and PBS. Latter 50 ml of serum was poured onto 

the column and put on a rocking platform at 4oC for 1 hour. The flow through was 

discarded and latter washed with PBS. Column was then eluted with 0.1M glycine 

buffer and the pH of eluate was adjusted between 7.0-7.3 using Tris Base. This 

was then concentrated by concomitant cycles of filtration and centrifugation at 

4000 rotations per minute for 60 minutes in a cold room. The filtered protein was 

washed with PBS to remove contaminants and measured in the photometer to get 

the desired quantity of protein. Reactivity of isolated polyclonal IgG was tested by 

performing immunofluorescence (IF) microscopy on murine skin (Mihai et al. 2007, 

Kasperkiewicz et al.2011, Hirose et al.2012). 

2.1.3 Production and purification of COL7 fragment 

The NC1 domain (amino acids spanning from 757–967) of mCOL7C epitope was 

produced as a GST (glutathione-s-transferase) fused protein after cloning the 

required sequence into a prokaryotic expression system. The expression system 

was then transformed into bacteria and then transferred onto plates with antibiotic 

for selection. Positive colonies were then picked and grown in liquid broth for 

obtaining the desired OD value. Starter culture was transferred to large conical 

flasks containing 500 ml of medium and stored at 37oC for 2.5 hrs at 220 rotations 

per minute to get desired optical density. Then isopropyl-beta-D-

thiogalactopyranoside (0.5mM) was added to the flask and incubated for 3 hours 

at 37oC. To get the desired protein bacteria were spun down and lysed. The 

supernatants were collected after centrifugation and glutathione-affinity 

chromatography was performed and the protein of interest was eluted later 

(Sesarman, 2008; Hammers et al., 2011). 

2.1.4 Passive transfer studies, evaluation and blocking of FcγγγγRIV 

EBA was induced as described before (Sitaru, 2005, Hirose et al 2012). In brief, 2-

4 mice per group were subcutaneously injected with 7.5 mg/kg of anti-COL7 rabbit 

IgG. Untreated mice and mice treated with normal rabbit IgG (NR-IgG) were used 

as parallel controls. Mice were clinically evaluated prior to the first IgG injection 

and at 4, 8 and 12 days thereafter. For blocking FcγRIV receptor, anti FcγRIV 
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receptor isotype 9E9 produced in hamster (clone A19-3, BD Biosciences) 

(Nimmerjahn et al. 2005) was subcutaneously injected into mice 3 times (day 0, 4, 

8) at a dose of 10 mg/kg body weight followed by six alternate injections of anti-

COL7 pathogenic IgG 7.5mg/kg over a period of 12 days. At day 0, 4, 8 and 12, 

mice were scored over the body surface for alopecia, erythematous lesions, crust 

and erosions and sacrificed at day 12 (Kasperkiewicz  et al 2012,). 

2.1.5 Active transfer studies and evaluation  

In case of the active EBA model, a concoction was prepared by mixing 60 ug of 

column purified GST-mCOL7C with 60µl adjuvant Titermax® (Alexis, Lörrach, 

Germany). The concoction was subcutaneously injected once per week into 2-4 

SJL/J (H-2s) (Charles River Laboratories Sulzfeld, Germany) mice per group for 

up to four weeks. Parallel controls were maintained by injecting either titermax or 

PBS Disease was measured as percentage of distribution of blisters crusts and 

alopecia seen on total body surface and assigned a range of scores from 0%, 1-

5%, 5-10%, 10-15% and 15-20% and > 20% (Hammers et al.2011).  

2.1.6 Mouse skin sampling and processing 

Non-lesional back skin biopsies for the passive model were obtained from both 

diseased and control groups 12 days after IgG injection, and 9 weeks after 

injection of GST-mCOL7C for the active model. Skin biopsies were embedded 

using previously described cryoembedding techniques for murine hair research 

purposes (Paus et al, 1998) and immediately snap frozen using liquid nitrogen. 

For immunohistology, two corresponding 6µm sections containing longitudinal HFs 

were restored onto a single slide and stored at -80°C until further use. The same 

procedure was also followed for obtaining the back skin from the active mice 

models (Hoi et al. 2010). 

 2.2  Histochemistry 

2.2.1 HE (Haematoxylin Eosin) 

In order to visualize skin morphology HE histochemistry was performed. Slides 

were dried at room temperature for 10 minutes, fixed in acetone for 10 minutes 

and later rinsed in TBS buffer pH 7.6, slides were then put for ten minutes in 
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Mayer’s hemalaun (Carl Roth GMBH, Germany), and rinsed under tap water for 

15 minutes. Counterstaining was done for 1 minute in .1% eosin (Sigma, E4382) 

and differentiated in alcohol ranging from 70% to 100%. Slides were dipped in 

xylene for 10 minutes and mounted with Eukitt synthetic resin (O.Kindler & Co, 

Freiburg, Germany) as previously described (Kloepper et al. 2008,Tiede et al. 

2009b,Knuver et al. 2012, Langan et al. 2013 ). 

2.2.2 PAS (Periodic Acid Schiff staining) 

This histochemical stain is used for identifying muco-polysaccharides and nicely 

demarcates the BM. This staining was done to detect BM destruction of the HF 

ORS by pathogenic anti-COL7 IgG after injection of antigenic recombinant protein.  

Briefly, cryosections of skin from EBA mice and controls were dried for ten 

minutes at room temperature (RT) and acetone fixed for 10 minutes at -20°C. 

Slides were rinsed and were then incubated in 0.5% periodic acid (Fluka, 

Germany) at RT for 10 min. After a brief rinsing in distilled water, slides were 

incubated for 15 min in Schiff’s reagent (Merck, Darmstadt, Germany), rinsed with 

distilled water and counterstained in haematoxylin (Carl Roth GMBH, Germany). 

Further the slides were incubated in xylene and mounted with Eukitt synthetic 

resin (O.Kindler & Co, Freiburg, Germany) (Torres Alvarez et al. 2011, Sarita et al 

2012) 

2.2.3 Toluidine blue staining 

TB staining is used to detect the distribution of mast cells in various tissue 

compartments. TB binds to metachromatic granules of mast cells that give them 

their specific red purple colour. Slides were dried for 10 minutes at room 

temperature, washed for 2 minutes in distilled water and dipped in a cuvette 

containing 1% toluidine blue- (TB) (MERCK, Germany) (pH 8.9) for 1 min. Slides 

were rinsed in distilled water and differentiated in alcohol ranging from 70 to 

100%, cleared in xylene for 10 minutes and mounted using synthetic Eukitt resin 

(O.Kindler & Co, Freiburg, Germany). Mast cells (MC) were counted at various 

locations and latter grouped into either non-degranulated or non degranulated 

groups when no metachromatic granules found or at least five granules were 

found surrounding the mast cells (Ito et al. 2010, Sugawara et al. 2012) 
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2.2.4 Leder esterase staining 

Leder esterase staining uses the enzyme chloroacetate esterase as marker for 

cells of monocytic lineage (neutrophils, macrophages and mast cells) (Sugawara 

et al. 2012). When stained these cells display pinkish orange cytoplasm staining 

with green or blue nuclei (haematoxylin).Dried slides were fixed in 1% 

paraformaldehyde for 10 min, incubated in a pinkish flocculate dye made with a 

combination of naphthol AS-D chloroacetate in dimethylformamide and 

pararosaniline hydrochloride in veronal acetate solution for 60 min, and 

counterstained with haematoxylin for 1 min. MCs were detected post fixation as 

deeply stained pinkish-red granules and classified as degranulated when five or 

more red-purple granules could be found outside the cell membrane (Ito et al. 

2010, Sugawara et al. 2012)  

2.2.5  Immunohistochemistry: avidin-biotin-peroxidase complex (ABC) 

Individual cryosections each measuring 6µm was put on to slides from snap 

frozen skin stored at -800C. Slides were later air dried at room temperature for ten 

minutes and fixed in ice cold acetone at -200C for 10 minutes. Slides were then 

rinsed 3 times for five minutes in TBS (pH-7.6-see appendix) and preincubated for 

15 minutes with 3% peroxide in TBS to quench endogenous peroxidase. Slides 

were rinsed 3 times for 5 minutes in TBS and correspondingly sections were 

encircled with fat pen. Slides were preincubated with 10% serum (Dako, Glostrup, 

Denmark) for 20 minutes at room temperature in moist conditions. Serum was 

dropped onto a tissue section and loaded with corresponding primary antibody 

(Table 1) diluted in TBS containing 2% serum and placed at 40C overnight. Next 

morning slides were rinsed three times for five minutes in TBS and loaded with 

biotinylated secondary antibodies in a dilution of 1:200 for 45 minutes at room 

temperature, Goat anti rat or Goat anti rabbit secondary antibodies were either 

from Jackson Immunoresearch,Cambridgeshire,UK, Slides were washed 3 times 

for 5 minutes in TBS and loaded with ABC-Peroxidase (Vector Labs, 

Burlingame,CA,USA) for 30 minutes, this solution was prepared 30 mins in 

advance following the instructions on the datasheet. Slides were rinsed 3 times for 

five minutes in TBS and DAB substrate (Vector Labs, Burlingame, CA, USA) for 2-

10 minutes. Solution was prepared by adding one drop of buffer solution combined 
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with two drops of 3, 3’-Diaminobenzidine (DAB) and 1 drop of hydrogen peroxide 

in 2.5ml of distilled water. To keep the solution homogeneous the tube was 

vortexed after adding each component. For negative controls, the corresponding 

primary antibody was omitted on the sections and loaded with TBS buffer. After 

loading DAB substrate slides were washed in TBS and counterstained in 

haematoxylin and was under running tap water for 5 minutes and mounted with 

Aqueous Mounting Medium (Dako Faramount, Dako,Glostrup, Denmark) (Muller-

Rover et al.2000,Tiede et al.2009a,Holub et al. 2012). 

2.2.6 Immunofluorescence microscopy 

Immunofluorescence (IF) microscopy was done employing secondary IgG 

antibodies conjugated to either fluorescein isothiocyanate or rhodamine. All 

antibodies(goat anti rat, goat anti rabbit antibodies was purchased from Jackson 

Immunoresearch,Cambridgeshire, UK and correspondingly diluted in the ratio of 

1:200 in TBS for further use. IF was similarly to the immunohistochemistry protocol 

described above, except that the peroxide quenching steps and incubation with 

substrates after second antibodies was omitted.The fluorescent dye 4,6 diamidino-

2-phenylindole-dihydrochloride (DAPI) that binds specifically to DNA was used for 

counterstaining. After counterstaining slides were washed 3 times for five minutes 

in TBS and mounted with fluoromount G before coverslipping (Southern 

Biotechnologies, Birmingham,USA) (Kinori et al. 2012a,Ramot et al.2011).  

For the tyramide signal amplification technique (TSA), which greatly enhances the 

immunofluorescence signal (Meier et al. 2012, Gaspar et al. 2011).), slides 

containing 6µm sections were air-dried at room temperature for 10 minutes and 

fixed in ice cold acetone at -20o C for 15 minutes. Slides were rinsed 3 times for 

five minutes in TNT (see appendix) and peroxidase was quenched by incubating 

in 3% hydrogen peroxide in PBS (see appendix). Slides were washed and loaded 

with primary antibody and kept overnight in a moist chamber at 40oC. Next 

morning slides were rinsed 3 times for 5 minutes in TNT and biotinylated 

secondary antibody was loaded onto the sections at a corresponding dilution of 

1:200 in TNT and incubated for 45 minutes at room temperature. Slides were then 

rinsed 3 times for 5 minutes in TNT and incubated with horseradish peroxidase 

(TSA kit, Perkin-Elmer, Boston, USA) at dilution of 1:100 in TNT for 30 minutes. 
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Latter slides were rinsed 3 times for 5 minutes and loaded with either FITC or 

tetramethyl rhodamine dye diluted in a corresponding ratio of 1:50 in amplification 

diluent (TSA kit, Perkin-Elmer, Boston, USA) for 1-5 minutes. Slides were then 

washed 3 times in TNT, counterstained with DAPI and mounted with fluoromount 

G (Southern. biotechnologies, Birmingham, USA). 

2.3 Quantitative (Immuno-) Histomorphometry 

To access the role of other cells in causing EBA induced CA we counted the 

distribution of mast cells, MHC II+, CD4+ and CD8+ cells surrounding the bulge. In 

doing so we have specifically demarcated the zones of ORS, CTS and up to 50µm 

from CTS into the dermis surrounding the bulge and counted the cells in each 

individual field at 400X magnification. To get a definitive value we measured at 

least five individual follicles for each individual experiment at various locations of 

the section (Kinori et al. 2012). 

Interestingly all the samples of passive EBA models displayed telogen follicles and 

since it is difficult to pinpoint exactly the location of the bulge we first demarcated 

the area of bulge from the lower portion of the sebaceous glands to the insertion of 

arrector pili muscle and also based on the previous evidence that some of K15- 

green fluorescent protein positive cells were found to reside in this area.we also 

demarcated this area to measure the staining intensity of some of the important 

parameters that controlled hair follicle immune privilege . In the active model 

however the untreated group displayed anagen follicles with a prominent bulge 

therefore a comparatively similar area of reference was demarcated in the telogen 

follicles of the active mice model and measurements of staining intensity were 

made in this area accordingly. 

Staining intensity was measured using NIH ImageJ software. This imaging 

software distinguishes the light from dark areas and averages the intensity in a 

specified given area. The software was legally downloaded from the following 

website http://rsb.info.nih.gov/ij/. The data were obtained from the bulge region by 

averaging the mean intensities of the staining on both sides of the follicle. We 

used this method to get the staining intensities of MHCI, CD200, CD34, IL15, NGF 

and TGFβ-1. (Knuever et al.2012, Petukhova et al. 2010). 
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2.4 Statistical analysis 

The data was analyzed using Graphpad prism version 4 for windows (Graphpad 

software,San Diego, California,USA). The results were expressed as standard 

error of the mean (mean±SEM) (Meyer et al.2008). 
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2.5 List of antibodies used  

 

Table 2: List of primary antibodies used. The table shows the corresponding name, isotype, source, animal 

source from which the antibody is derived, dilution and detection method used with corresponding 

references. ABC =Avidin Biotin complex.  
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3. RESULTS 

3.1. Murine telogen follicles display immune privilege in the follicular bulge 

 region. 

The primary focus of this chapter was a) to search for phenomenological 

indicators of IP in the bulge region of mouse telogen follicles and b) to study the 

basic distribution pattern of inflammatory cells around normal telogen follicles, 

thus complementing previous work, whose results served as immunohistological 

quality control (Paus et al. 1994 c, d, Paus et al. 1998) 

3.1.1 MHCI, CD200 and TGFβ-1 are expressed in varying levels in themurine 

telogen follicles  

The goal was to find whether normal mouse telogen follicles (derived from control 

animals) expressed markers of IP in their bulge region and infundibulum, as they 

are present in anagen VI follicles of humans (Paus et al. 1994 c, b, Paus et al. 

1998, Paus 2005). Routine IHC was performed on frozen back skin sections 

taken from 6 weeks old normal C57/BL6 mice to specifically stain for MHC class I 

(MHCI), CD200 and TGFβ-1.  

This revealed reduced MHC I expression in the bulge region and infundibulum. 

(Fig.13a,d).The expression was higher in the infundibulum in comparison to the 

bulge. Instead, the expression of CD200 antigen was very high throughout the 

epithelium of telogen HFs and differed between bulge infundibulum, but was 

virtually absent from the epidermis (Fig.13 b,d). However, in contrast anagen 

HFs, only very subtle, if any TGF-β1 immunoreactivity (IR) (Fig.13 c, d) was seen 

in the bulge region (curved bracket) of murine telogen follicles, bulge IR for 

TGFß1 was slightly, but  higher than in the infundibulum. 

This indicates that the bulge region of murine telogen HFs, like its counterpart in 

human anagen VI follicles (Meyer et al. 2008) displays relative IP, as indicated by 

the sharply reduced MHC I and the massive CD200 expression.  
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Fig.13: Indications of immune privilege in the bulge and infundibular region of a normal telogen hair 

follicle of C57BL/6 mice. Representative picture showing MHC I immunoreactivity (green) in the hair follicle 

bulge and infundibulum of normal telogen follicle of C57BL/6 mice (a).CD200 immunoreactivity (brown) in 

the hair follicle bulge and infundibulum of normal telogen follicle of C57BL/6 mice (b).TGF β1 

immunoreactivity (brown) in the hair follicle bulge and infundibulum of normal telogen follicle of C57BL/6 

mice(c). Quantitative analysis indicates varying levels of expression of MHC I, CD200 and TGF β1 in the 

bulge and infundibulum of a normal mice telogen follicles (d). ABC - peroxidase method, DAB, in brown, 

counterstaining using haematoxylin. (d) N=29-39 HFs/group, derived from 2-3 mice/group from two 

individual experiments, mean +/-SEM.APM, arrector pili muscle, HF, hair follicle, HS, hair shaft,I, 

infundibulum,SG, sebaceous gland, Scale bars=100 µm. 
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3.1.2 Distrbution of MHCII, CD4+ and mast cells in the bulge region of 

 murine telogen follicile 

In order to be able to more comprehensively judge the immunological 

characteristics of normal telogen HFs before they are attacked by anti-collagen 

type VII autoantibodies, frozen sections from 6 week-old normal C57/BL6 control 

mice were also immunostained for MHC II+ cells, CD4+ cells and mast cells.  

This showed that the HF epithelium (ORS), including the bulge region, is almost 

devoid of MHC II+ cells (=Langerhans cells) (Eichmüller et al. 1998, Paus et al. 

1998). This suggests that MHC class II-dependent antigen presentation within the 

HF epithelium is severely compromised, in line with the concept that the telogen 

HF enjoys relative IP. Intramesenchymal MHC II+ cells (=mainly macrophages) 

are relatively rare in the HF mesenchyme (CTS), and are predominantly located 

in the perifollicular dermis. (Arrows, Fig.14 a, b). 

 

Fig.14: Distribution of MHC II+ cells within and around the bulge region of a normal murine telogen hair 

follicle. MHC II+ immune cells (brown/red arrows) surrounding the hair follicle bulge region of normal 

telogen follicle of C57BL/6 mice (a).Quantitative analysis showing the distribution of MHC II+cells in both 

the CTS and dermis surrounding the bulge region of telogen hair follicles (b) ABC - peroxidase method, 

DAB, brown, counterstaining using haematoxylin. N=35 HF’s, derived from 2-3 mice per group from two 
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individual experiments, mean +/-SEM. APM, arrector pili muscle, CTS, connective tissue sheath, HF, hair 

follicle, HS, hair shaft, SG, sebaceous gland, Scale bars=100 µm. 

No CD4+ cells were found in the infundibular epithelium of murine telogen HFs, 

including in the bulge zone. Like perifollicular MHC II+ macrophages, CD4+ T 

cells were only present in low numbers in the HF mesenchyme (CTS), and 

primarily resided in the perifollicular dermis (Arrows, Fig.15a,b). 

 

 

 

Fig.15: Distribution of CD4+ T cells around the bulge region of a normal murine telogen hair follicle. 

CD4+ immune cells (red/yellow arrows) surrounding the hair follicle bulge region of normal telogen follicle 

of C57BL/6 mice (a).Quantitative analysis showing the distribution of CD4 +cells in both the CTS and dermis 

surrounding the bulge region of telogen hair follicles (b). ABC - peroxidase method, DAB, brown, 

counterstaining using haematoxylin N=42 HF’s, derived from 2-3 mice per group from two individual 

experiments, , mean +/-SEM. APM, arrector pili muscle, CTS, connective tissue sheath, HF, hair follicle, HS, 

hair shaft, SG, sebaceous gland, Scale bars =100 µm 
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Essentially the same was true for mast cells, whose total number was even lower 

than that of perifollicular macrophages and CD4+ T cells (Arrows, Fig.16 a,b) . 

Most perifollicular mast cells that were detected around normal murine telogen 

HFs by Leder esterase (Fig.16a) or toluidine blue histochemistry (not shown) 

were activated, i.e. degranulated (Fig.16a). 

 

 

Fig.16: Distribution of mast cells around the bulge region of a normal telogen hair follicle. Leder esterase 

staining showing mast cells (pink/red arrows) around the hair follicle bulge region of normal telogen 

follicle of C57BL/6 mice (a).Quantitative analysis showing the distribution of mast cells in both the CTS and 

dermis surrounding the bulge region of telogen hair follicles (b).Leder esterase staining in pink, 

counterstaining using haematoxylin. N=22 HFs, derived from 2-3 mice from two individual experiments, , 

mean +/-SEM. APM, arrector pili muscle, CTS-connective tissue sheath ,HF, hair follicle, HS, hair shaft, SG, 

sebaceous gland, Scale bars=100 µm 
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3.2 Injecting anti COL7IgG antibodies into mice causes blisters 

 associated with scarring alopecia  

On this general background of murine telogen HF-associated skin 

immunophysiology, immunopathological changes were evaluated that developed 

after exogenous anti-collagen type VII antibodies were injected (passive EBA 

mouse model) (Sitaru et al.2005.). The purpose of the following experiments was 

to determine whether  

a)  Inflammation as a consequence of antiCOL7IgG injection  resulted in a 

destruction of the HF basement membrane, namely  in the bulge zone, 

b)  Indications of bulge IP collapse were present  

c)  To characterize alterations in the peri- and intrafollicular  inflammatory 

 and cytokine signaling milieu associated with antiCOL7IgG-induced 

 damage of murine telogen HFs in the passive EBA mouse model.  

3.2.1 Hair follicle damage occurs in anti COL7 IgG injected mice 

 (passive EBA model) 

Mice injected with anti COL7IgG showed blisters with hair loss on the snout,scalp 

and the thigh regions,further analysis of non lesional skin by routine histology 

showed infiltrates in the treated mice in comparison to control groups (Fig.17 

a,d,e)  
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Fig.17: Disease phenotype and scarring alopecia seen in anti COL7 IgG injected mice. Scarring alopecia 

(white circle) lesion on the scalp of mice injected with anti type VII collagen (a).Regrowth of hair follicles 

after sixty four days, after injecting anti COL7 IgG (b). Indirect immunofluorescent staining depicting the 

deposition of anti type VII antibodies along the basement membrane-FITC labeled antibodies in green (c). 

Beginning blister formation along with associated inflammatory cell infiltrates (d, e). Note that these 

infiltrates were essentially devoid of neutrophilic granulocytes, as examined by anti mouse Ly-6G and Ly6c 

antibody (data not shown).Photos depicting the defined reference areas that were assessed for 

quantitative immuno histomorphometry of telogen hair follicles,with emphasis on the bulge region(f), 

where individual cells and IR patterns were counted (g). Bulge compartment (red line) in which quantitative 
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immune morphometry was done using NIH image J. APM, arrector pili muscle, HF, hair follicle, HS, hair 

shaft, SG, sebaceous gland, scale bars =100µm. 

BM damage is one hallmark of bullous autoimmune dermatoses (Ludwig and 

Zillilkins 2012, Hashimoto et al.2012), and an intact BM and CTS appear to form 

a functionally important component of normal HF IP (Paus et al. 2005, Reynolds 

et al. 1999, Ito et al. 2008).  

3.2.2 Basement membrane is destroyed in in antiCOL7 IgG injected  mice  

Therefore, it was next determined by PAS histochemistry whether BM damage is 

seen after the injection of pathogenic antibodies. As shown in (Fig.18), this was 

indeed the case, since the PAS staining intensity, which reflects the amount of 

mucopolysaccharides available for reaction with the staining reagent (Sarita et 

al.2012), was markedly reduced in non-alopecic skin of test EBA mice that had 

received the pathogenic antibody compared to vehicle-treated control mice.  

However, follicular BM damage generally was much less severe than that seen at 

the dermoepidermal junction in passive EBA mice (Biber et 

al.2010,Kasperkiewicz et al.2012,Samavedam et al.2012), and overt blistering, 

i.e. separation of the ORS from its underlying follicular BM and CTS, was never 

seen in non-alopecic skin of antiCOL7IgG-injected mice.  
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Fig.18: Basement membrane destruction in antiCOL7 IgG injected mice .decreased intensity of PAS 

staining in antiCOL7 IgG injected mice with surrounding infiltrates(a) in comparison to control group(b. 

arrector pili muscle, BM, basement membrane,HF, hair follicle, HS, hair shaft, SG, sebaceous gland, scale 

bars =50µm. 

This suggests that the HF BM and its underlying CTS are considerably more 

resistant to the structural integrity-disrupting activities of antiCOL7IgG than the 

dermoepidermal BM.  

In order to assess primarily early damage events, rather than late, secondary 

ones induced by massive inflammation, in the subsequent studies only non-

alopecic back skin was examined from test and control mice. This was done 

under the assumption that bulge and overall HF damage within skin lesions that 

showed macroscopically appreciable alopecia had already progressed too far to 

be sufficiently instructive for the purpose of the current study (note that overt hair 

loss in mice routinely indicates the presence of a major degree of HF dystrophy, 

since undamaged murine HFs do not shed their hair shafts, even when major hair 

cycle abnormalities are present (Hendrix et al. 2005, Sundberg et al. 2005); 

therefore, the absence of alopecia in the skin of test and control mice raised the 

likelihood that major HF dystrophy had not yet developed in the examined skin 

regions).  
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3.3  Immune privilege is compromised in antiCOL7 IgG injected mice 

 (passive model) 

It is now widely thought that the bulk of the destruction in EBA occurs due to the 

action of neutrophils, as evidenced by dermato histopathological examination of 

EBA patient skin and several studies in experimental EBA models (Ludwig and 

Zillikins 2011,Chiriac et al.2007,Mihai et al. 2007). However, preparatory 

analyses for the current study had revealed almost no neutrophils at all (as 

assessed by HE and Ly-6G and Ly6c (RB6-8C5) antibody staining in the 

examined back skin (which was, as explained before, devoid of skin lesions and 

alopecia of either test or control EBA mice) (data not shown). Therefore, other 

mechanisms than neutrophil-induced HF damage had to be considered. Namely, 

the working hypothesis was pursued that anti-collagen type VII antibody-induced 

perifollicular inflammation may endanger the bulge IP. This was thought to make 

bulge stem cells more susceptible to further inflammatory damage, thus possibly 

triggering excessive bulge stem cell death. After depletion of the bulge stem cell 

niche, the HF’s capacity to regenerate would be exhausted, resulting in CA. In 

consequence, we next searched for immunophenomenological evidence that the 

bulge IP is compromised after injection of pathogenic antiCOL7 IgG antibodies 

(Meyer et al. 2008). This hypothesis was mainly probed in the passive EBA 

mouse model, and was complemented with one pilot experiment in the active 

EBA model.  

As expected from the literature (Kasperkiewicz et al.2012, Samavedam et al. 

2012,Bieber et al.2010), alopecic skin lesions became prominent four to six days 

after injection of anti-COL7 IgG antibodies, generally with the clinical appearance 

of scarring alopecia, as indicated by skin scaling (hyperkeratosis), erythema, and 

erosions with crusting ( Fig.17a). However, rather unusual for other forms of CA 

(see Introduction), several mice showed almost complete hair regrowth in 

previously alopecic lesions 2-3 months after antibody injection (Fig.17b).  
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Such spontaneous hair regrowth in untreated skin generally is a rare event in 

human CA and, by itself, already suggests a sufficient preservation of HF 

epithelial stem cells and retained HF regeneration capacity, despite substantial 

inflammatory HF damage, wherever hair regrowth occurred. This phenomenon 

occurred (Fig.17b) although dense perifollicular inflammatory cell infiltrates 

developed in passive EBM mice (Fig.17d,e).  

Therefore, at least in this passive mouse model EBA, it is questionable whether 

EBA-associated alopecia represents a genuine form of classical cicatricial 

alopecia (CA), whose hallmark is the irreversibility of hair loss due to epithelial 

stem cell destruction in the bulge (Harries et al. 2009a, Harries et al.2009b, 

Harries and Paus 2010) (see also below: CD34 results).  

3.3.1 MHC I IR increase in bulge of mice injected with anti COL7IgG 

Next, the bulge IP status of passive EBA mice in non-alopecic skin was 

compared with that of normal telogen HFs (see above), using MHCI and CD200 

as main read-out parameters. This revealed slightly, but  marked increase in 

levels of MHC I IR in the bulge of telogen EBA hair follicles (Fig.19 b,c) in 

comparison to NRIgG-treated control HFs (Fig.19 a,c). Note that both 

experimental groups showed considerably higher baseline MHC I expression 

than untreated telogen mouse HFs (Fig.13a, see above). This indicates that the 

injection of excessive amounts of IgG, by itself, already endangers MHC I-based 

HF IP. 
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Fig.19 Increase in MHC I immunoreactivity in the telogen bulge of mice injected with anti type VII 

collagen antibody.MHC I immunoreactivity (brown) in the bulge region of mice injected with NR IgG 

(control) (a). MHC I immunoreactivity (brown) in the bulge of mice injected with anti type VII collagen IgG 

(b). Quantitative analysis reveals increased levels of MHC I immunoreactivity at the level bulge in anti COL7 

IgG injected mice in comparison to control group (c).ABC - peroxidase method, DAB, brown, 

counterstaining using haematoxylin. N=24-32 HF, derived from 2-3 mice/group from two individual 

experiments, mean +/-SEM. APM, arrector pili muscle, HS, hair shaft, SG, sebaceous gland, scale 

bars=100µm. 

3.3.2. CD200 IR does not change in the bulge of mice injected with  anti 

 COL7IgG 

CD200 expression in the bulge remained high after injection of either pathogenic 

or non-pathogenic IgG antibodies and was essentially unchanged when 

antiCOL7IgG- and NRIgG-treated HFs were compared with each other (Fig.20 a, 

c).No considerable change in baseline expression of CD200 was seen in test 
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mice in comparison to untreated controls Thus, CD200-based HF IP does not 

appear to be compromised by the injection of excessive amounts of anti COL7 

IgG or control IgG. Taken together, these results suggest that injection of EBA-

eliciting pathogenic antibodies primarily compromise the MHC I-based murine HF 

IP.  

 

Fig.20: No change in CD200 immunoreactivity in the bulge of mice injected with pathogenic  antibody. 

CD200 immunoreactivity (brown) in the bulge region of mice injected with NR IgG (a). MHC I 

immunoreactivity (brown) in the hair follicle bulge of mice injected with anti type VII collagen IgG (b). 

Quantitative analysis reveals no decrease in the levels of CD200 immunoreactivity at the level bulge in anti 

COL7 IgG injected mice in comparison to control group (c).ABC - peroxidase method, DAB, brown, 

counterstaining using haematoxylin. N =35-47 HF’s, derived from 2-3 mice/group from two individual 

experiments, mean +/-SEM. APM, arrector pili muscle, HS, hair shaft, SG, sebaceous gland, scale bars=100 

µm. 
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3.4. Inflammatory infiltrates are increased in the bulge of mice 

 injectedwith anti COL7 IgG antibodies.  

To characterize the infiltrates that lead to BM damage and the associated IP 

collapse, cryosections were immunostained for selected infiltrate markers such 

as MHC II+,CD4+, or CD8+ cells and mast cells and were evaluated by 

quantitative immunohistomorphoemtry in defined reference areas (see Fig.17 f). 

3.4.1 CD8+ t cells are increased in/around the bulge of mice  injected with 

 anti COL7IgG antibodies 

Since MHC I-presented follicular autoantigens would primarily be recognized by 

CD8+ T cells ( Murphy 2011,Paul 2012, Sompayrac 2012), which also play a 

prominent role in other inflammatory hair loss disorders such as alopecia areata, 

CDLE, lichen planopilaris,  and graft-versus-host disease (Weedon D 2009, 

Harries et al.2009, Harries and Paus 2010, Gilhar et al.2012), CD8+ T cells were 

examined first. This showed a slight, but not much increase in the number of 

detected CD8+ cells in the CTS of antiCOL7IgG-treated HFs, compared to the 

CTS of control IgG-treated HFs. This corresponded to a slight decline in the total 

number of CD8+ T cells in the interfollicular dermis (Fig.21 c). If these trends can 

be confirmed (e.g. by analyzing a higher n of sections/mice), they might suggest 

that CD8+ T cells migrate from the dermis towards the HF. 
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Fig.21: Simultaneous increase and decrease in CD8+ cell number in the perifollicular CTS and dermis of 

mice injected with anti type VII collagen antibody. Histochemical staining shows absence of CD8+ cells 

surrounding the hair follicle bulge region of mice injected with NR IgG(a). CD8+ cells (red arrow) in the hair 

follicle bulge of mice injected with anti type VII collagen IgG (red arrows) (b). Quantitative analysis reveals 

slight increase and a decrease in the number of CD8+ cells in the perifollicular CTS and in the surrounding 

dermis of mice injected with anti COL7 IgG in comparison to control group(c).ABC-peroxidase method, DAB, 

brown, counterstaining using haematoxylin. N =13-31 HF’s, derived from 2-3 mice/group derived from one 

experiment, mean +/-SEM. APM, arrector pili muscle, HS, hair shaft, SG, sebaceous gland, scale 

Bars=100µm. 
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3.4.2 CD4+ cells are increased in/around the bulge of mice  

 injected with anti COL7IgG antibodies 

Furthermore, the number of CD4+ cells was increased markedly in the CTS, but 

not the dermis around the bulge of mice treated with anti COL7IgG in comparison 

with NR IgG treated mice (see arrows, Fig.22 a-c). This suggests that the 

massive deposition of anti-COL7-specific pathogenic antibodies at the BM zone 

of diseased HFs, but not just of IgG, induced specific changes (e.g. secretory 

activities?) in the CTS and/or ORS that attracted T helper lymphocytes to this 

critical HF compartment. 

 

Fig.22: Increase in CD4+ cells around the bulge of mice injected with anti type VII collagen. CD4 positive 

cells in the CTS surrounding the bulge region of mice injected with NR IgG (red arrows) (a). CD4 positive 

cells surrounding immunoreactivity (brown) in the bulge of mice injected with anti type VII cologne IgG (red 

arrows) (b). Quantitative analysis reveals increase in the number of CD4+ cells in the CTS surrounding the 
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bulge in anti COL7 IgG injected mice in comparison to control group (c).ABC-peroxidase method, DAB, 

brown, counterstaining using haematoxylin. Note the non-specific IR in the SG.  N =49-48 HF’s, derived 

from 4-6 mice/group, derived from 2-3 mice/group from 2 different experiments, mean +/-SEM. APM, 

arrector pili muscle, HS, hair shaft, SG, sebaceous gland, scale bars=100 µm 

3.4.3 MHC II+ cells are increased in/around the bulge of mice injected 

withanti COL7IgG antibodies 

In addition, the number of MHC II+ cells (in the CTS (and tendentially also in the 

dermis) surrounding the bulge of telogen HF was slightly higher in anti COL7IgG-

treated mice compared to NRIgG-injected controls. (Fig23a-c).  

 

 

Fig.23: Increase in MHC II + cells around the hair follicle bulge of mice injected with anti type VII 

collagen. MHC II positive cells in the CTS surrounding the bulge region of mice injected with NR IgG (red 

arrows) (a). MHC II positive cells surrounding immunoreactivity (brown) in the bulge of mice injected with 

anti type VII collagen  IgG (red arrows) (b). Quantitative analysis reveals an increase in the number of MHC 

II positive cells in the CTS surrounding the bulge in anti COL7 IgG injected mice in comparison to control 
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group (c).ABC-peroxidase method, DAB, brown, counterstaining using haematoxylin. Note the non-specific 

IR in the SG. N =32-38 HF’s, derived from 2-3 mice/group from two individual experiments, mean +/-SEM. 

APM, arrector pili muscle, HS, hair shaft, SG, sebaceous gland, scale bars=100 µm. 

3.4.4 Mast cells are increased in/around the bulge of mice injected with 

anti COL7IgG antibodies 

Finally, the number of both degranulated and non-degranulated mast cells was 

increased in the dermis of mice injected with antiCOL7 IgG in comparison to 

NRIgG-injected control mice (Fig.24 a,c). Though, due to large inter-individual 

and inter-section differences in the number of histochemically detectable mast 

cells, this difference was much higher only for degranulated mast cells, their 

overall increase and enhanced activity (=degranulation) suggests the induction of 

a vigorous response of perifollicular mast cells to the deposition of pathogenic 

antibody.  
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Fig.24: Increase in degranulated mast cells in the dermis of mice injected with anti type VII collagen. 

Leader esterase staining shows mast cells (red arrows) surrounding the bulge region of mice injected with 

NR IgG (red arrows) (a). Mast cells (orange-pink) surrounding the bulge of mice injected with anti type VII 

cologne IgG (red arrows) (b). Quantitative analysis reveals an increase in the number of mast cells in the 

dermis surrounding the bulge in anti COL7 IgG injected mice in comparison to control group (c).leader 

esterase staining, orange-pink, counterstaining using haematoxylin. N =44-46 HF’s, derived from 2-3 

mice/group from two experiment. mean +/-SEM. APM, arrector pili muscle, HS, hair shaft, SG, sebaceous 

gland,nd = non-degranulated mast cells (< 5 extracellular mast cell granules), d= degranulated mast cell 

(=5 or more extracellular mast cells) , scale bars=100µm. 

Taken together, these data suggest an important role of inflammatory cell 

infiltrates, such as MHC II+ cells, CD4+ cells and mast cells, in the initial process 

of basement membrane damage and bulge IP collapse after the injection of 

pathogenic anti collagen VII antibodies. 

 

3.5 Injecting antiCOL7IgG antibodies into mice leads to change in 

 expression of cytokines in the follicular bulge 

3.5.1 IL15 IR increases in the bulge of mice injected with anti COL7IgG 

antibodies 

This pathogenic antibody-induced increase in the perifollicular inflammatory cell 

infiltrates most likely driven by changes in the release of immunocyte-attracting 

secreted factors, such as cytokines, chemokines and growth factors. From the 

great number of candidates to be considered in this respect, we opted to further 

examine at least two, i.e. IL-15 and TGFß1, by quantitative 

immunohistomorphometry.  

IL15 was selected, because it is not only a potent pro-inflammatory signal that 

activates many immunocyte populations, including mast cells, T cells, and 

macrophages (Rausch et al. 2006, Rückert et al. 2009, Di Sabatoni et al. 2011, 

Steel et al 2012, Berzofsky et al.2012) and exerts complex regulatory effects on 

murine mast cells (Orinska et al. 2007), but also operates as a major modulator 

of apoptosis suppressor, namely of T cells and mast cells (Bulfone-Paus et al. 

1997, Berard et al. 2003, Di Sabatoni et al. 2011, Steel et al 2012). TGFß1 was 
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chosen since it is a key immunoinhibitory growth factor, namely in immune 

privileged tissues (Wahl et al. 2006, Niederkorn 2002), and is a main growth 

factor that drives tissue fibrosis and other scarring processes (Penn et al.2012). 

These analyses showed a slight, but a considerable increase in the IL15 

immunoreactivity in and around the telogen bulge region of antiCOL7 IgG-

injected mice compared to IgG controls (Fig.25 a-c)  

 

 

Fig.25:.IL15 immunoreactivity increases in the bulge of mice injected with anti type VII collagen 

antibody. IL 15 immunoreactivity (brown) in the hair follicle bulge region of mice injected with NR IgG (a).IL 

15 immunoreactivity (brown) in the bulge of mice injected with anti type VII collagen IgG (b). Quantitative 

analysis reveals partial increase in the levels of IL 15 immunoreactivity at the level bulge in anti COL7 IgG 

injected mice in comparison to control group (c).ABC - peroxidase method, DAB, brown, counterstaining 
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using haematoxylin. N =22-34 HFs/group, derived from 2-3 mice/group from two individual experiments 

mean +/-SEM. APM, arrector pili muscle, HS, hair shaft, SG, sebaceous gland, scale Bars=100µm. 

3.5.2 TGFβ-1 IR increases in the bulge of mice injected with anti COL7 IgG 

antibodies 

In many telogen HFs, TGFβ-1 IR in the bulge epithelium of pathogenic antibody-

injected was strikingly up-regulated compared to controls (see Fig.26 a, b), when 

systematically evaluated by quantitative immunohistomorphometry (Fig. 26c). .  

 

Fig.26: TGFβ1 immunoreactivity increases in the bulge epithelium of mice injected with anti type VII 

collagen antibody. TGFβ1 immunoreactivity (brown) in the bulge region of mice injected with NR IgG (a). 

TGFβ1immune reactivity (brown) in the hair follicle bulge of mice injected with anti type VII collagen IgG 

(b). Quantitative analysis reveals a partial increase in the levels of TGFβ1 immunoreactivity at the level 

bulge in anti COL7 IgG injected mice in comparison to control group (c).ABC - peroxidase method, DAB, 

brown, counterstaining using haematoxylin.  Some nonspecific staining is seen in the sebaceous glands 
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due to the binding of secondary antibody to the secretions loaded in the sebaceous glands.N =26-30 HF’s, 

derived from 2-3 mice/group from two individual experiments, mean +/-SEM. APM, arrector pili muscle, 

HS, hair shaft, SG, sebaceous gland, scale bars=100µm. 

These results suggest that the massive deposition of anti-collagen VII antibody at 

the follicular BM induces of complex responses in the HF epithelium and the 

perifollicular mesenchyme: on the one hand protein expression in loco of the pro-

inflammatory and mainly  anti-apoptotic cytokine, IL-15, is increased; on the 

other, the potent immunoinhibitory and fibrosis-promoting growth factor,TGFß1, is 

also up-regulated. 

3.6   Injection of antiCOL7 IgG antibodies leads to damage of stem  cells 

in the follicular bulge 

3.6.1. CD34 IR shows subtle changes in the bulge of mice   

 injected with antiCOL7IgG antibodies 

Finally,it was examined by CD34 quantitative immunohistomorphometry to which 

extent the bulge is damaged in the passive murine EBA model. After extensive 

attempts to detect murine bulge epithelial stem cells with a the one standard 

marker, e.g. keratin 15 (Morris et al. 2004, Ito et al. 2005), had failed (data not 

shown), CD34 was selected because it is a very sensitive alternative marker of 

murine bulge epithelial stem cells (Trempus et al. 2003, Trempus et al.2007, 

Cotsarelis 2006, Nagao et al. 2012, Singh & Morris 2012a).  

This demonstrated, only in some test mice, antiCOL7IgG injection led to a mild 

decrease in the staining intensity of the bulge epithelium for CD34; overall CD34 

IR in the bulge was essentially indistinguishable between test and controls HFs 

(Fig.27 a-c).  
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Fig.27: CD34 immunoreactivity showed slight change in the bulge of mice injected with anti type VII 

collagen antibody. CD34 immunoreactivity (brown) in the bulge region of mice injected with NR IgG (a). 

CD34 immunoreactivity (brown) in the hair follicle bulge of mice injected with anti type VII collagen IgG (b). 

Quantitative analysis reveals no change in the levels of CD34 immunoreactivity at the level bulge in anti 

COL7 IgG injected mice in comparison to control group (c).ABC -peroxidase method, DAB, brown, 

counterstaining using haematoxylin. Higher magnification of CD34 staining intensity in the follicular bulge 

of  both NRIgG (c) and antiCOL7 IgG (d) injected mice N = 32-46 HF’s, derived from 2-3 mice/group from 

one individual experiments, mean +/-SEM APM, arrector pili muscle, HS, hair shaft, SG, sebaceous gland, 

scale Bars=100 µm 

3.6.2  CD34+ cells are decreased in the bulge of mice injected  with anti 

 COL7IgG antibodies 

To get more specific detail on whether the bulge cells are being destroyed, the 

individual number of CD34+ cells was also counted in the follicular bulge of each 

follicle in both control and test mice. This showed a more pronounced (Fig.28.a-



87 

 

c) (though nonsignificant) decrease in follicular bulge in comparison to the very 

slightest decrease seen in CD34 staining intensity in antiCOL7 IgG injected mice. 

(Fig.27 a-c). These trends let one suspect that counting of additional HFs and 

sections would reveal a decrease the number of CD34+ cells in the bulge. 

 

Fig.28: decrease in number of CD34+ cells in the follicular bulge mice injected with anti type VII collagen 

antibody. CD34+ cells (brown) stained in the bulge region of mice injected with NR IgG (a). CD34+ cells 

stained (brown) in the hair follicle bulge of mice injected with anti type VII collagen IgG (b). Higer 

magnification of CD34+ cells in the follicular bulge of NRIgG (c) and antiCOL7 IgG (d) injected mice. 

Quantitative analysis reveals an overall decrease in the no of cells expressing CD34  at the level bulge in 

anti COL7 IgG injected mice in comparison to control group (e).ABC -peroxidase method, DAB, brown, 

counterstaining using haematoxylin. Higher magnification of CD34 staining intensity in the follicular bulge 

of  both NRIgG (c) and antiCOL7 IgG (d) injected mice N = 27-51 HF’s, derived from 2-3 mice/group from 

one individual experiments, mean +/-SEM. APM, arrector pili muscle, HS, hair shaft, SG, sebaceous gland, 

scale Bars=100 µm 
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However, these data show that epithelial HF stem cells in the bulge largely 

survived the massive deposition of pathogenic antibodies in the follicular 

BM and the subsequent inflammatory cell attack in early lesional HFs (i.e. 

in skin areas where no overt alopecia and skin damage was as yet 

macroscopically visible). This unexpected finding nicely explains why the 

initial macroscopic hair loss seen in passive model EBA mice (Fig.16.a) 

often was reversible within 2-3 months (Fig.16 b) and underscores the 

concept that EBA-associated alopecia, at least in this murine EBA model, 

does not represent a genuine scarring alopecia. 
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3.7 Injecting GST-mCOL7C+Titermax® into SJL mice leads to 

 blisters with scarring alopecia  

Since CA is seen in active EBA mice, i.e. after injecting recombinant COL7, 

various immunopathological mechanisms were evaluated in the bulge region of 

telogen follicles.The rationale of these experiments was to determine whether 

a) Basement membrane destruction occurs in follicular bulge region  of 

GST- mCOL7C injected mice as a result of surrounding inflammation. 

b) IP collapse occurs in the follicular bulge of mice injected with  GST-

 mCOL7C 

c) Changes in the protein expression of key cytokines and various 

 immune cells can be detected in the GST-mCOL7C injected  mice in the 

 bulge that lead to destruction of the follicle. 

3.7.1 Hair follicle damage occurs in GST-    

 mCOL7C+Titermax®injected mice (active EBA model) 

As expected, mice injected with GST-mCOL7C and Titermax® showed blisters 

with hair loos mainly on the snout and flanks, moreover deposition of pathogenic 

IgG was seen along the basement membrane (Fig.28 a,b). Unlike in lesional 

skin, no progressive HF dystrophy was seen in the non-lesional skin of both 

control and diseased mice (Fig.29 c-e) 

3.7.2 The basement membrane is destroyed in GST    

 mCOL7C+Titermax® injected mice  

 Therefore,  PAS staining was employed to determine the extent of BM damage 

in non-lesional back skin of active EBA model mice. PAS staining showed visibly 

decreased mucoplysaccharide levels in the non-lesional back skin of mice 

injected with GST-mCOL7C and Titermax® in comparison to Titermax® injected 

control group (Fig.28 i), suggesting BM damage.  However, no visible separation 

of the follicular ORS from the BM was as seen. This indicates that the follicular 

BM is slightly more resistant to damage than the epidermis in the active mouse 

model of EBA. (Biber et al.2010,Kasperkiewicz et al.2012,Samavedam et 

al.2012).  
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Further analysis of non-lesional back skin by routine histology revealed the 

presence of infiltrates and the presence incipient blisters (Fig.29.f,g). Despite the 

previous evidence that neutrophils play a key role in the disease process (Chiriac 

et al. 2007,Ludwig and Zillikins 2011), non-lesional back skin,surprisingly, 

showed no or very few neutrophils by histology(data not shown).  
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Fig.29: Disease phenotype and scarring alopecia seen in GST-mCOL 7 C + Titermax® injected mice. 

Scarring alopecia (blue circle) seen in SJL mice injected with recombinant type VII collagen (a).Indirect 

immunofluorescent staining depicting the deposition of anti type VII along the basement membrane. FITC 

labeled antibodies are shown in green (b). Lamellar fibrosis seen in the back skin of mice injected with type 

VII collagen (d), in comparison with normal (e) and GST+Titermax® (f) injected mice. Hair follicle 

destruction in the back skin mice injected with recombinant type VII collagen (g, h). Diagram depicting 
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compartmental areas where individual cells were counted around the bulge (i). PAS staining depicting 

destruction of basement membrane (dotted line) in mice treated with along with the bulge compartment 

(red line) in which quantitative immune morphometry was done using NIH image J. Scale bars =100 um 

3.8 HF bulge IP is compromised in mice injected with mCOL7C and 

Titermax® 

Next, it was examined, whether the bulge IP is also compromised in the active 

EBA mouse model.The bulge of humans and mice showed greatly decreased 

expression of MHCI (Paus et al. 1994c,Ito et al. 2004, Meyer et al. 2008). 

Quantittaive immunohistomorphoemtry was performed to check whetherinjection 

of mCOL7C and Titermax® altered MHC I expression in the bulge.  This revealed 

only a minimal in the level of MHCI expression in the bulge (Fig.30a-c). 
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Fig.30: Slight increase in MHC I immunoreactivity in the bulge of mice injected with GST-mCOL7 C + 

Titermax®.MHC I immunoreactivity (brown) in the bulge region of mice injected with GST-Titermax (a). 

MHC I immunoreactivity (brown) in the bulge of mice injected GST-mCOL7 C and Titermax (b) was often 

increased compared to that of vehicle controls (a). However, quantitative analysis did not reveal  increased 

levels of MHC I immunoreactivity at the level bulge in GST-mCOL7 C and Titermax injected mice in 

comparison to the Titermax® control group (c).ABC - peroxidase method, DAB, brown, counterstaining 

using haematoxylin. N=6-9 HF’s, derived from 2-3 mice/group from one experiment, mean +/-SEM. APM, 

arrector pili muscle, HS, hair shaft, SG, sebaceous gland, scale bars=100 µm. 

Therefore, the “no danger” signal, CD200, was examined next. This showed a 

decrease in CD200 protein expression in the bulge compared to the titer max 

control (Fig.31a-c). This indicates that anti-CLO7 autoantibodies and infiltrate 

they attract in the active EBA mouse model may compromise bulge IP primarily 

by decreasing CD200 expression, just as this has most recently been seen in 

lichen planopilaris (Harries et al. 2013). 
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Fig.31:  Decline in CD200 immunoreactivity in the bulge of mice injected with GST-m COL7 C + Titermax®. 

CD200 immunoreactivity (brown) in the bulge region of mice injected with GST-Titermax (a). CD200 

immunoreactivity (brown) in the bulge of mice injected with GST-mCOL7 C and Titermax (b). Quantitative 

analysis reveals a decline in the levels of CD200 immunoreactivity in the bulge epithelium in GST-mCOL7 C 

and Titermax injected mice in comparison to control group (c).ABC–peroxidase method, DAB, brown, 

counterstaining using haematoxylin. N = 5-7 HF’s, derived from 2-3 mice/group from one individual 

experiment, mean +/-SEM. APM, arrector pili muscle, HS, hair shaft, SG, sebaceous gland, scale bars=100 

µm. 
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3.9 Inflammatory Infiltrates are increased in the bulge of GST-

 mCOL7C and Titermax® injected mice  

One major aim of this thesis project was to characterize various inflammatory 

infiltrates that may have contributed to IP collapse by aiding BM damage.For 

this.MHCII+,CD4+,CD8+cells and mast cells were 

immunohistomorphometerically quantified in defined reference areas (Fig.27 h). 

3.9.1  CD8+ T cells are minimally increased around the bulge of  GST-

 mCOL7C+Titermax® injected mice 

CD8+ cells were shown to play a key role  in inflammatory hair loss disorders 

such as alopecia areata, CDLE, lichen planopilaris,  and graft-versus-host 

disease (Weedon D 2009,Harries et al. 2009, Harries & Paus 2010, Gilhar et al. 

2012, Harries et al. 2013). This revealed a minimal increase in the number of 

CD8+ cells in the dermis surrounding the bulge of mice injected with 

mCOL7C+Titermax® in comparison to the control group (Fig.32a-c).  
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Fig.32: Minimal increase in number of perifollicular CD8 + cells in mice injected with GST-m COL7 C + 

Titermax®. Histochemical staining shows very few numbers of perifollicular CD8+t cells in mice injected 

with GST + Titermax® (a), while increased number isolated perifollicular CD8+t cells (red arrow) are seen 

mice injected with GST-m COL7 C + Titermax® (red arrows) (b). Quantitative analysis reveals an increase in 

the number of CD8+ t cells in the dermis in mice injected with GST-m COL7 C + Titermax® in comparison to 

control group (c). ABC - peroxidase method, DAB, brown, counterstaining using haematoxylin.N=7-12 HF’s, 

derived from 2-3 mice/group from one individual experiment,mean +/-SEM. APM, arrector pili muscle, HS, 

hair shaft, SG, sebaceous gland, scale bars=100 µm. 
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3.9.2 CD4+ cells are increased in the bulge of GST-

 mCOL7C+Titermax® injected mice 

Next, the number of CD4+ T cells was immunohistomorphometricaly quantified. 

This showed an increased number of CD4+ cells in all the measured 

compartments of ORS, CTS and dermis of test versus control HFs (Fig.33a-c). 

These results thus raise the possibility that the test HFs secreted chemokines 

that attract CD4+ cells into their vicinity in response to the deposition of 

antibodies after injection mCOL7C+ Titermax®.  

 

Fig.33: Increase in perifollicular CD4+t cells in mice injected with GST-m COL7 C + Titermax®. Intradermal 

CD4 positive cells in the CTS surrounding the bulge region of mice injected with GST + Titermax (red 

arrows) (a). CD4 positive cells surrounding immunoreactivity (brown) in the hair follicle bulge of mice 

injected with GST-m COL7 C + Titermax® (red arrows) (b). Quantitative analysis reveals an increase in the 

number of CD4+ cells in the bulge ORS, CTS and dermis of GST-m COL7 C + Titermax® injected mice in 
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comparison to control group. (c). ABC-peroxidase method, DAB, brown, counterstaining using 

haematoxylin N = 20 HFs/group, derived from 2-4 mice/group from one experimentmean +/-SEM. APM, 

arrector pili muscle, HS, hair shaft, SG, sebaceous gland, scale bars=100 µm. 

3.9.3 CD54+ cells are increased in the bulge of GST-

 mCOL7C+TitermaX® injected mice 

Considering the increase in CD4+ cells, the number of CD54+ cells/ICAM-1 

positive cells in various compartments such as ORS, CTS and dermis was also 

assessed (Muller-Rover et al. 2000). Although the number of CD54+ cells in the 

dermis of test mice was markedly higher than in controls. (Fig.34a-c). .  

 

Fig.34: Increase in CD54+ cells around the hair follicle bulge of mice injected with GST-m COL7 C + 

Titermax®. CD54 positive cells in the CTS surrounding the hair follicle bulge region of mice injected with 

GST + Titermax® (a). CD54 positive cells surrounding the hair follicle bulge of mice injected with GST-m 

COL7 C + Titermax® (b). Quantitative analysis reveals increase in the number of CD4+ cells in the CTS 

surrounding the bulge in anti COL7 IgG injected mice in comparison to control group (c).ABC - peroxidase 

method, DAB, brown, counterstaining using haematoxylin. N = 9-15 HF’s, derived from 2-3 mice/group 
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from one individual experiment, mean +/-SEM. APM, arrector pili muscle, HS, hair shaft, SG, sebaceous 

gland, scale bars=100 µm. 

3.9.4 Mast cells are slightly increased in the bulge of GST-

 mCOL7C+Titermax® injected mice 

Considering the role of mast cells in stress-induced hair loss, autoimmunity and 

skin immunolgy (Moretti et.al 1966, Peters et al.2004, Peters et al. 2007, Metz et 

al. 2008, Stelekati et al.2009, Brown and Hatfield 2012), the numbers of 

degranulating and non degranulating mast cells were also measured in the 

different reference compartments. This showed a slight increase in the levels of 

both non- degranulated and degranulated mast cells in the peri-bulge dermis of 

the mCOL7C+Titermax® group (Fig.35a-c). 

 

Fig.35: Increase in perifollicular mast cells in mice injected with GST-m COL7 C + Titermax®. Toluidine 

blue staining shows perifollicular mast cells (red arrows) of mice injected with GST + Titermax® (red 
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arrows) (a). versus mice injected with GST-m COL7 C + Titermax® (red arrows) (b). Quantitative analysis 

reveals an  increase in the number of non-degranulated and degranulated perifollicular mast cells in the 

dermis in GST-m COL7 C + Titermax® injected mice in comparison to the control (c). ABC- peroxidase 

method, DAB, brown, counterstaining using haematoxylin.N = 14-21 HF’s, derived from 2-3 mice/group 

from one individual experiment mean +/-SEM. APM, arrector pili muscle, HS, hair shaft, SG, sebaceous 

gland, scale bars=100 µm. 

Taken together these results indicate the creation of a pro-inflammatory milieu by 

mCOL7C+Titiermax® injection that assembles CD8+ cells, CD4+ cells, and mast 

cells around telogen HFs and up-regulates ICAM-1 expression. Together this 

may mitigate the destruction of BM by this infiltrate, thus further exposing the HF 

stem cells in the bulge directly to inflammatory cells. 

3.10 Injecting mCOL7C+Titermax® into mice leads to change in 

 expression of cytokines in the follicular bulge  

When, next, selected cytokines were examined, this showed no increase in IL15 

immunoreactivity in the bulge region of the ORS of mice injected with mCOL7C+ 

Titermax® in comparison to the control group (Fig.36a-c). 
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Fig.36: Marginal increase in IL15 IR in the bulge epithelium of mice injected with GST-mCOL7 C + 

Titermax®. IL 15 immunoreactivity (brown) in the bulge region of mice injected with GST + Titermax (a) or 

GST-m COL7 C + Titermax® (b). Quantitative analysis reveals only a marginal increase in IL15 in the bulge in 

test in comparison to control mice (c).ABC-peroxidase method, DAB, brown, counterstaining using 

haematoxylin. N = 14-16 HF’s derived from 2-3/group mice from one individual experiment, mean +/-SEM. 

APM, arrector pili muscle, HS, hair shaft, SG, sebaceous gland, scale bars=100 µm. 

However, it was found that TGFβ-1 immunoreactivity was slightly decreased in 

the bulge ORS of mice in mice injected with mCOL7C+Titermax® in comparison 

to the control group  (Fig.37a-c). 
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Fig.37: TGFβ1 immunoreactivity decreases in the hair follicle bulge of mice injected with GST-m COL7 C + 

Titermax TGFβ1 immunoreactivity (brown) in the bulge region of mice injected with GST + Titermax® (a) or 

with GST-m COL7 C + Titermax® (b). Quantitative analysis reveals decrease in the level of bulge TGFβ1 IR in 

test compared to control mice (c).ABC-peroxidase method, DAB, brown, counterstaining using 

haematoxylin. N = 5-6 HFs derived from 2-3 mice/group from one experiment  mean +/-SEM,. APM, 

arrector pili muscle, HS, hair shaft, SG, sebaceous gland, scale bars=100 µm. 

Taken together these results suggest that, at least in these early-stage lesions, 

IL-15 and TGFß1 do not play a major role, although this would have to be 

examined by functional studies.  

 

3.11 CD34 increases marginally in the follicular bulge of GST-

 mCOL7C+Titermax® injected mice 

CD34 was chosen as an excellent marker to access the amount of damage to 

bulge stem cells (Trempus et al 2003, Ohayama et al. 2006, Trempus et al. 2007, 

Cotsarelis 2006, Singh & Morris 2012a, Nagao et al. 2012b, and Zhou et al. 
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2012) as our efforts to stain for K15 (Morris et al. 2004, Ito et al. 2005) in mice 

failed after multiple attempts. Histomorphometric results showed no decrease in 

the number of CD34+ cells; rather, there was a marginal increase in CD34 IR in 

the bulge ORS of mice injected with GST-mCOL7C+Titermax® in comparison to 

control group (Fig.38a-c). This suggests that the bulge stem cells in the active 

model of EBA are more resistant to inflammatory damage than previously 

thought. 

 

Fig.38: CD34 immunoreactivity showed marginal change in the bulge of mice injected with GST-m COL7 

C + Titermax®. CD34 immunoreactivity (brown) in the bulge region of mice injected with GST + Titermax® 

(a) or with GST-m COL7 C + Titermax® (b). Quantitative analysis reveals marginal changes between test 

and control groups (c).ABC - peroxidase method, DAB, brown, counterstaining using haematoxylin. N = 9-

15 HFs derived from 2-3 mice/group derived from one experiment, mean +/- SEM. APM, arrector pili 

muscle, HS,  hair shaft, SG, sebaceous gland, scale bars = 100 µm. 
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3.12 Injecting anti FcγγγγRIV antibodies into mice prevents   

 blister formation and scarring alopecia. 

FcγRIV are inhibitory receptors that were recently discovered in mice.RIIIA forms 

the human ortholog of FcγRIV (Nimmerjahn et al. 2005).The role of anti FcγRIV in 

modulating the disease outcome was recently documented in the murine model 

of EBA (Passive) (Kasperkiewicz et al. 2012). In light of this evidence, it was 

decided to see whether simultaneously injecting anti FcγRIV receptor antibody 

with anti COL7IgG could prevent bulge IP collapse and affected the perifollicular 

inflammatory cell infiltrate. For this, non-lesional back skin from anti FcγRIV 

injected mice was taken and compared with anti COL IgG-injected mice and 

isotype 9E9 controls. With the idea of using immunoglobulins as a therapeutic 

tools in EBA in mind, it was asked whether simultaneous injection of anti COL7 

IgG and anti FcγRIV prevents scarring alopecia and/or  bulge IP collapse and/or 

impacts on the  distribution patterns of various immune cells like MHCII+ cells, 

CD4+ T-cells and mast cells.  

As expected, antiCOL7 IgG injected mice demonstrated deposition of anti cOL7 

IgG along the basement membrane (Fig.39c), increased blistering, crusts and 

hair loss along the flanks, and HE stains showed dermal epidermal separation 

with HF destruction (Fig.39a,e). Instead, injection of anti FcγRIV in Balb/c mice 

along with anti COL7 IgG protected mice from blistering and hair loss (Fig.39b,f). 

Further examination by HE staining revealed no blistering and a reduced number 

of inflammatory infiltrates present in the dermis and CTS surrounding the hair 

follicle (Fig.39a,e).  
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Fig.39: Disease phenotype and scarring alopecia seen in anti type VII collagen antibodies injected mice 

in comparison to that of mice injected with anti type VII collagen and anti FcγγγγRIV antibodies Lesion of 

scarring alopecia (black circle) seen in mice injected with anti type VII collagen (a). Absence of pathological 

lesion in mice injected with anti type VII collagen and anti FcγRIV antibody (b) Indirect immunofluorescent 

staining depicting the deposition of anti type VII throughout the basement membrane-FITC labeled 

antibodies in green (c). Histology depicting intact skin in mice in isotype control 9E9 mice(d).Dermal-

epidermal separation seen in the skin of mice injected with anti type VII collagen(e).Intact skin seen in mice 

injected with both anti type VII collagen and  anti FcγRIV antibodies. Scale bars=100 µM 

 

3.13  Injecting anti FcγγγγRIV antibodies into mice leads to  restoration  of 

 bulge immune privilege  

Since it had previously been shown that normal telogen HFs enjoy relative, MHCI 

and CD200-dependent IP (see Figs.40a-d,Fig.41a-d), it was asked whether 

simultaneous injection of protective anti FcγRIV antibodies with pathogenic anti 
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COL7 IgG prevented HF IP collapse. The results indicated that injection of 

FcγRIV in fact prevented bulge IP collapse by decreasing the ectopic expression 

of MHCI (Fig.40 a-d).  

 

 

Fig.40: Simultaneous injection of anti type VII collagen and anti FcγγγγRIV antibodies (9E9) decreases the 

ectopic MHC I expression in the bulge.MHC I immunoreactivity (brown) in the bulge region of isotype 

control 9E9 mice (a). MHC I immunoreactivity (brown) in the hair follicle bulge of mice injected with anti 

type VII collagen IgG (b). MHC I immunoreactivity (brown) in the hair follicle bulge of mice injected with 

anti type VII collagen IgG and 9E9(c).Quantitative analysis reveals decreased levels of MHC I 

immunoreactivity at the level bulge in anti COL7 IgG +9E9 injected mice in comparison to isotype control 

9E9 and anti type VII collagen IgG (d).ABC-peroxidase method, DAB, brown, counterstaining using 

haematoxylin. N=9-14 HF’s, derived from 2-3 mice/group derived from one experiment, mean +/-SEM. 

APM, arrector pili muscle, HS, hair shaft, SG, sebaceous gland, scale bars=100 µm. 

Moreover the levels of CD200 expression also increased in anti FcγRIV injected 

mice in comparison to mice that had only received anti COL7 IgG (Fig.41a-d). 
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These findings suggest that injection of anti FcγRIV antibodies can prevent anti-

COL7 IgG-induced bulge IP collapse by restoring levels of both CD200 

expression and reducing the level of MHCI expression in the bulge. 

 

Fig.41: Simultaneous injection of anti type VII collagen and anti FcγγγγRIV antibodies (9E9) restores bulge 

CD200 immunoreactivity. CD200 immunoreactivity (brown) in the hair follicle bulge region of isotype 

control 9E9 mice (a).CD200 I immunoreactivity (brown) in the bulge of mice injected with anti type VII 

collagen IgG and anti type VII collagen plus 9E9 injected mice (b),(c). Quantitative analysis reveals 

considerbile increase(partial restoration) in the levels of bulge CD200 IR in anti COL7 IgG + 9E9 injected 

mice in comparison to Isotype control 9E9 and to anti type VII collagen IgG (d).ABC-peroxidase method, 

DAB, brown, counterstaining using haematoxylin. N = 34-36 HF’s, derived from 3 mice/group from two 

individual experiments, mean +/-SEM. APM, arrector pili muscle, HS, hair shaft, SG, sebaceous gland, scale 

bars=100 µm. 
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3.14 Injecting anti FcγγγγRIV antibodies into mice leads to decrease 

 accumulation of inflammatory infiltrates in the bulge. 

3.14.1 Injecting anti FcγγγγRIV into mice leads to decrease in MHCII+ cells in 

the surrounding dermis but not in the CTS of follicular bulge region. 

The injection of anti COL7 leads to accumulation of inflammatory infiltrates such 

as MHC II+ cells, CD4+ T cells and mast cells that bring about BM damage in the 

passive model of EBA. Therefore, it was investigated whether simultaneous 

injection of anti FcγRIV antibodies had an influence in the accumulation of 

inflammatory infiltrates surrounding the bulge. The distribution of MHC II+ cells, 

CD4+ T cells and mast cells was quantified in the ORS, CTS and 50µm into the 

dermis from the CTS after staining by routine immunohistochemistry and toluidine 

blue stainings.  

Quantitative immunohistomorphometry indicated no decrease in the number of 

MHC II+ cells in the dermis of mice simultaneously injected with anti FcγRIV mice 

in comparission to anti COL7IgG treated mice in the dermis (Fig.42 a, b, c) In 

contrast, in the CTS, the number of MHC II+ cells in the anti FcγRIV injected mice 

was higher than in anti COL7 IgG injected mice and an isotype control 

(Fig.42c,d). These results show that anti FcγRIV may slightly reduce the number 

of MHC II+ cells in the dermis, but fails to do so in the CTS.  
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Fig.42: Simultaneous injection of anti type VII collagen and anti FcγγγγRIV (9E9) antibodies show opposing 

effects in regulating MHC II+ cells in the CTS and dermis surrounding the hair follicle.MHC II positive cells 

in the CTS surrounding the hair follicle bulge region of isotype control 9E9 mice (red arrows) (a). MHC II+ 

cells surrounding (brown) the bulge of mice injected with anti type VII collagen IgG (red arrows) (b). 

Perifollicular MHCII positive cells (brown) of mice injected with anti type VII collagen IgG (red arrows) (b) or 

with anti type VII collagen IgG plus 9E9 (c). Quantitative analysis reveals a simultaneous decrease and an 

increase in the number of MHC II positive cells in the dermis and CTS of anti COL7 IgG and 9E9 injected 

mice in comparison to antitype VII collagen IgG (d).ABC- peroxidase method, DAB in brown, 

counterstaining using haematoxylin. N = 33-40 HFs, derived from 2-3 mice/group from two individual 

experiments, mean +/-SEM. APM, arrector pili muscle, HS, hair shaft, SG, sebaceous gland, scale bars=100 

µm. 

 

 



110 

 

3.14.2 CD4+ cells are decreased in the follicular bulge of Anti   

 FcγγγγRIV  injected mice 

However, quantitative measurement of CD4+ T-cells in FcγRIV injected mice 

showed a pronounced decrease  in cell numbers in the CTS (Fig.43 a,b,d). Thus, 

anti FcγRIV is able to down-regulate the number of CD4+ T cells in the CTS  

 

 

Fig.43: Simultaneous injection of anti type VII collagen and anti FcγγγγRIV antibodies (9E9) decreases the no 

of CD4+ T-cells in the CTS.and dermis. CD4 positive T-cells in the dermis and CTS of isotype control 9E9 

mice (red arrows) (a). Perifollicular CD4 positive cells (brown) in mice injected with anti type VII collagen 

IgG (red arrows) (b)or  with anti type VII collagen IgG plus 9E9 (c).Quantitative analysis reveals a decrease 

in the number of CD4+ cells in the CTS and dermis of anti COL7 IgG injected mice in comparison to isotype 

control 9E9 and anti type VII collagen IgG injected mice,The analysis also reavels a decrease in CD4+ cells in 

the ORS in comparison to anti COL7 IgG injected mice but not with the Isotype control(d).ABC-peroxidase 

method, DAB, brown, counterstaining using haematoxylin. N = 19-38 HF’s, derived from 2-3 mice/group 
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from two individual experiments, mean +/-SEM. APM, arrector pili muscle, HS, hair shaft, SG, sebaceous 

gland, scale bars=100 µm. 

3.14.3 Mast cells are decreased in the Anti FcγγγγRIV injected mice 

Similarly, quantification of non degranulated and degranulated mast cells in 

FcγRIV injected mice in both the dermis and the CTS was undertaken. This 

showed a marked decrease in the percentage of degranulated mast cells in the 

dermis of anti FcγRIV injected mice (Fig.44 c,d).The numbers non degranulated 

mast cells in the dermis were also marginally lower than both anti COL7 IgG and 

isotype control 9E9 mice groups(Fig.44 c,d). Therefore, anti FcγRIV can also 

reduce intradermal mast cell degranulation.  

 

Fig.44: Simultaneous injection of anti type VII collagen and anti FcγγγγRIV antibodies (9E9) shows opposing 

effects in regulating mast cell recruitment in CTS and dermis. Toluidine blue staining shows perifollicular 
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mast cells (red arrows) in isotype control 9E9 mice (red arrows) (a) and in mice injected with anti type VII 

collagen IgG (red arrows) (b). Perifollicular mast cells injected with anti type VII collagen IgG plus 9E9 (c) 

.Quantitative analysis revealed a decrease and also a sustained increase in the number of degranulated 

perifollicular mast cells in anti COL7 IgG and 9E9 injected mice in comparison to the anti COL7 IgG injected 

mice and isotype control 9E9 mice. Interestingly It also reveled higher number of recruited mast cells(non 

degranulated) in the anti COL7IgG plus 9E9 injected group in comparison to both anti COL7IgG and isotype 

control 9E9 mice(d).ABC - peroxidase method, DAB, brown, counterstaining using haematoxylin. N = 21-34 

HF’s, derived from 2-3 mice/group from two individual experiments mean +/-SEM. APM, arrector pili 

muscle, HS, hair shaft, SG, sebaceous gland, scale bars=100 µm. 

 

.  
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4.0 DISCUSSION 

The specific questions that the present thesis project has posed have been 

answered as follows. 

1. Murine telogen follicles display a state of relative IP in the bulge as 

shown by increased expression of CD200 and decreased MHCI 

expression in the bulge (Fig.13 a-d.)  

 

2. Injection of anti COL7 IgG and GST-mCOL7C causes scarring alopecia 

with basement membrane destruction (Fig.18 a-b, Fig.29a,c,f,g,i). 

Binding of autoantibodies to type VII collagen leads to bulge immune 

privilege collapse (Fig.19a-c,Fig.31a-c) via the accumulated 

inflammatory infiltrates such as CD4+(Fig.22a-c,Fig.33a-

c),MHCII+/CD54+(Fig.23a-c,Fig.34a-c),mastcells(Fig.24a-c,Fig.35a-c) 

and CD8+ cells(Fig.21a-c,Fig.32a-c) at the level of the follicular bulge. 

This also leads increase in key cytokines such as IL 15 (Fig.25a-c, 

Fig.36a-c) and TGF-β1 (Fig.26a-c, Fig.37a-c). But the levels of CD34 IR 

(stem cell marker) showed a mild change in both active and passive 

mice models (Fig.27a-c, Fig.38a-c) though the total number of CD34+ 

cells decreased in the passive model(Fig.28a-c). 

 

3. Injecting anti FcγRIV prevented CA in murine EBA (Fig.39b, f ) restored 

HF IP. This was demonstrated by a considerable decrease in the 

expression of MHC I (Fig.40a-d) and increased expression of 

CD200(Fig.41a-d) in the bulge.Moreover a decrease in the level of CD4+ 

cells (Fig.43a-d) and mast cells(Fig.44a-d) at the level of the bulge was 

also seen in mice injected with anti FcγRIV.  

 

These experiments demonstrate for the first time that the bulge region of healthy 

murine telogen HFs exhibits characteristic immunohistological markers of relative 

IP. In both passive and active murine EBA, this bulge IP of telogen HFs is being 

compromised by the increased, ectopic expression of MHC I and a simultaneous 

decrease in expression of the immunoinhibitory “IP guardian”, CD200. This 
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appears to occur because of perifollicular inflammatory cell infiltrates induced by 

anti-collagen type VII-autoantibodies accumulate around the bulge region of non-

lesional HFs in the skin of EBA mice.  

 

Using CD34 as a bulge stem cell marker, only marginal differences were found 

between control and test mice in either EBA model. This suggests that the bulge 

damage associated with IP collapse is less pronounced and more reversible in 

EBA than in other forms of CA and that early therapeutic intervention permits full 

HF recovery. anti-FcγRIV antibodies helped to preserve bulge IP and increasingly 

reduced perifollicular inflammatory cell infiltrates.  

In summary, these novel findings in two EBA mouse models suggest for the first 

time that autoantibodies directed against basement membrane antigens can 

induce an inflammatory infiltrate that endangers the IP of a protected 

intrafollicular stem cell niche (bulge) in mammalian skin, and that EBA-

therapeutic (anti-FcγRIV) antibodies seem to exert HF and bulge-protective 

functions. Taken together, this sheds new light on the impact of autoantibody-

induced inflammation on intracutaneous epithelial stem cells and the special 

immunoprivileged niche these reside in, and suggests potential therapeutic 

interventions. 

Mice injected with anti COL7 IgG and GST-mCOL7C showed scarring alopecia 

mainly on the snout, head, back and flanks. The degree of alopecia was more 

pronounced in the anti COL7 IgG injected mice than in the GST-mCOL7C mice 

which is indicative that pathogenic antibodies are specific and fast acting while 

the active model takes longer time to synthesize and bind to target protein. This 

is also evident from the differences in fluorescent staining intensity at the level of 

basement membrane (Fig.12c, Fig.29b) and might reflect a quantitatively low 

amount of binding of the antibody. This might perhaps be one of the key reasons 

why some key parameters did not show higher degree of change in staining 

intensity as seen in the passive model (Fig.30a-c, Fig.36a-c, and Fig.37a-c). 

Nevertheless the presence of visible hair loss with blisters should serve to study 

the mechanism of hair loss in the active model of EBA. 
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Neutrophils have been previously shown to play an active role in the disease 

process in these mice models of EBA.(Sitaru et al.2005,Chiriac et al.2007,) 

Interestingly and to our surprise performing routine HE and preliminary staining 

(Ly-6G and Ly-6C) on the non lesional back skin of both the passive and active 

models did not show neutrophils. This shows that the disease has not yet 

progressed to where neutrophils can be detected, or that their impact is so 

transitory that it was missed in the current study.  This also indicates that other 

inflammatory infiltrates may also play an important role in initiating the disease 

process, at least with respect to the induction of HF damage.  

Moreover it was also found that not all the follicles in the back skin are uniformly 

targeted and may reflect the differential secretary activities in various follicles. 

The BM stabilizes and protects the follicle from surrounding infiltrates in the 

dermis by expressing various structural proteins (Chuang et al.2003, Joubeh et 

al.2003, Fujiwara et al. 2011).The PAS staining used to detect BM destruction 

showed decreased intensity in the affected follicles in both passive and active 

mice models (Fig18a-b, Fig.29 i).This is considered to be an important step for 

immune cells to access the follicular bulge in the affected follicles.  

The current findings underscore that T cells play important role in the 

pathogenesis of EBA (Muller et al.2010, Sitaru et al. 2010) Since it was also 

noticed that many of the HFs do not undergo uniform destruction, it appears 

advisable to further characterize the specific type of T cells (Konig et al.2002) and 

MHCII+ cells that attack the HF to better understand how HF damage is brought 

about in these EBA mice models. 

After injection of pathogenic antibody, perifollicular mast cells also showed a 

vigorous activation response (Fig.24a-c, Fig.35a-c). Though large numbers of 

mice and tissue sections need to be evaluated, ideally also in repeat 

experiments, this suggests a more important role for mast cells in (non-IgE) 

antibody-induced HF inflammation. This calls to mind the hypothesis that, under 

physiological circumstances, perifollicular mast cells may largely exert an 

immunoinhibitory, HF IP-preserving influence (Waldmann H Nature 2006, 

Bertolini et al.2012). Instead, once given appropriate stimuli, mast cells may turn 

into autoimmunity-promoting cells (Christy et al. 2012, Brown & Hatfield 2012, 
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and Walker et al. 2012). It is conceivable that this occurs also in alopecia areata 

(Bertolini et al. 2012, Gilhar et al.2012) and some forms of lichen planopilaris 

(Harries et al. 2013) - and possibly also in EBA-associated alopecia. 

The increase in TGF-β1(Fig.26a-c) in the bulge suggests that the deposition of 

anti-collagen VII antibody at the follicular BM triggers induces the potent 

immunoinhibitory and IP-protective growth factor,TGFß1 (Wahl et al. 2006, 

Niederkorn 2002) in the passive EBA model,possibly as a damage-response 

strategy geared at reestablishing HF IP. However, TGFß1 is also fibrosis-

promoting (Penn et al.2012). Together, this may both regulate the perifollicular 

inflammatory cell infiltrate while attempting to maintain or restore the endangered 

HF IP and suppressing epithelial HF stem cell apoptosis, yet risks the activation 

of scarring-promoting pathways. This hypothetical scenario now remains to be 

probed in additional in vivo-studies that test the HF effects of anti COL7IgG 

versus NRIgG in the presence or absence of IL-15- or TGF- ß1-neutralizing 

antibodies.   

In line with collapsed IP, increase in infiltrates and change cytokine profiles, the 

bulge stem cell marker CD34+ cells (Morris et al. 2004, Ito et al. 2005,Ohyama et 

al.2006,Tiede et al.2007a,b)were analysed. Preliminary analysis of staining 

intensity did not rule out gross stem cells damage (Fig.27a-c,Fig.38a-c) but a 

closer look at the total number of CD34+ cells in the follicular bulge in the passive 

model revealed decreased levels(Fig.28a-c) of CD34+ cells in the follicular bulge 

of anti COL7IgG in comparison to NRIgG. If these trends were to be followed by 

measuring greater number of follicles it would perhaps lead to adecrease in the 

follicular stem cells though this could also represent a temporary phenomenon. 

Having said that, the regrowth of hair follicles in mice after two months post 

injection of anti COL7IgG (Fig.17b) also suggests that HF epithelial stem cells 

may be more resistant to inflammatory damage than previously thought. This 

phenomenon also implies that the present EBA mouse model might not represent 

a true CA model system, as CA typically results from irreversible stem cell 

destruction.  

Though these murine models of EBA serve to provide important insights into the 

underlying mechanism for HF destruction in this disease, important differences 
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were also found between the passive and active EBM models. Visibly the active 

model had smaller and localized patches alopecia in comparison to the passive 

models and this in fact correlated with the relative amount of pathogenic IgG 

binding to basement membrane as visualized by IF. Additionally, some of the 

important parameters in the non lesional back skin of these models also showed 

marked differences in their staining intensity. In the passive model MHCI, IL15 

and TGF-β1 IR increased predominantly in the bulge, but in the active model IL15 

and MHCI increased marginally, while TGF-β1 IR markedly declined because the 

mechanism of induction of disease varies considerably in these two models 

systems. Furthermore the current HF immunopathology findings suggest that the 

passive EBA model represents more of an active, but short-lived disease, while 

active model shows a slow disease process, with only a very mild hair phenotype 

in non-lesional skin.  

Though experimentally the treatment did reverse the blistering process without 

hair loss, the increase in inflammatory cells especially in the CTS of both the 

isotype control group and that of the anti COL7IgG plus 9E9 treated mice 

suggests that some of the immune cells may nonspecifically interact with the anti 

FcγRIV antibody. This may be abrogated by using an appropriate antibody that 

complements with the mouse system in repeated experiments, thus permitting 

better insight into the role of inflammatory cells as mediators of HF stem cell 

damage. Fig. 45 depicts a hypothetical scenario that attempts to explain, on the 

basis of the observations made in the current thesis project, how anti-COL7 

(auto-)antibodies may sequentially damage the HF BM and endanger the bulge 

IP, thus risking HF bulge stem cell damage that leads to EBA-associated 

alopecia: 
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45: Hypothetical scenario: How inflammatory events may lead to irreversible 

destruction of the HF bulge in the examined murine models of EBA.The accumulation of 

inflammatory infiltrates (MHC II+,CD4+,Mast cells, and CD8+ cells) leads to bulge 

immune privilege collapse(increase in MHCI and decrease in CD200 IR) and change in 

cytokine profile of the follicular bulge. This further potentiate the differentiation follicular 

stem cells into scar tissue under the influence of a week but a sustained inflammatory 

process in the long term 

In summary, the findings in two EBA mouse models reported here suggest that a) 

autoantibodies directed against basement membrane antigens can induce an 

inflammatory infiltrate that endangers the IP of a protected intrafollicular stem cell 

niche (bulge) in mammalian skin, b) the bulge epithelium may counteract IP 

collapse by the up-regulation of IP- and stem cell-protective cytokines, and that c) 

EBA-therapeutic anti- FcγRIV antibodies may exert HF- and bulge-protective 

functions. Taken together, these novel insights from two EBA mouse models 

have shed new light on the impact of autoantibody-induced inflammation on 
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intracutaneous epithelial stem cells and the special immunoprivileged niche these 

reside in, and suggest potential therapeutic interventions. 

Follow-up studies could carry the current work into the human system, e.g. by 

testing teh effects of anti-COL7 antisera from EBA patients on microdissected, 

organ-cultured human scalp hair follicle and their stem cell zone. Moreover 

isolated ORS bulge stem cells can be transfected to express green fluorescent 

protein (GFP) under the control of the keratin 15 promoter directly monitor HF 

stem cells  with live fluorescence imaging (Tiede et al. 2009a) after exposure to 

EBA patient antisera, in the presence or absence of defined immunocyte 

populations. This can be combined with laser capture microdissection and 

subsequent DNA microarray analysis of the stem cell region, both in non lesional 

human and mouse skin and in organ-cultured human scalp HFs (Panicker et al. 

2012). 

 

Given the observed increase in MHC II+ cells and CD4+ cells in murine EBA 

skin, it is also important to determine the exact phenotype of these cells, e.g. by 

double immunostaining (CD68 / CD4+,CD25, Foxp3+ cells).  
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5.0 SUMMARY 

Cicatricial alopecia (CA) is a rare group of permanent hair loss disorders that 

occurs due to the irreversible destruction of epithelial hair follicle stem cells. It is 

also seen as a secondary event in infectious diseases and autoimmune bullous 

dermatoses. Along with the death of the epithelial hair follicle (HF) stem cells, a 

sustained inflammatory process associated with fibrosis is mainly seen in the hair 

follicle stem cell region. In the current thesis project, the CA that occurs in a 

particularly well-defined autoimmune bullous dermatosis, epidermolysis bulluosa 

acquisita (EBA) caused by autoantibodies to basement membrane-associated 

collagen type VII, was examined in a passive and an active EBA mouse model. 

Since it had previously only been established in human HFs that the bulge region 

represents an area of relative immune privilege (IP), whose collapse may 

contribute to the pathogenesis of CA, the first question addressed was whether 

there is immunophenomenological evidence that the bulge region of murine HFs 

also is immunoprivileged. Second, the type of inflammatory cell infiltrates in HFs 

of EBA mice was characterized by quantitative (immuno-) histomorphometry, 

comparing results from the passive and the active EBA mouse model. Third, this 

infiltrate was correlated with evidence of a) HF epithelial stem cell damage and b) 

bulge IP collapse. Fourth and finally, based on prior research in these EBA 

mouse models, which had suggested a key role for a specific IgG receptor 

(FcγRIV) in murine EBA pathogenesis,it was tested whether the blocking of 

FcγRIV by appropriate antibodies impacted on CA and HF damage. 

These experiments demonstrate for the first time that the bulge region of healthy 

murine telogen HFs exhibit characteristic immunohistological markers of relative 

IP. Second, in both passive and active murine EBA, this bulge IP of telogen HFs 

is being compromised by the increased, ectopic expression of MHC I and a 

simultaneous decrease in expression of the immunoinhibitory “IP guardian”, 

CD200. This appears to occur as a result of anti-collagen type VII-autoantibody-

induced perifollicular inflammatory cell infiltrates (namely MHC class II+, CD4+ 

and/or CD8+ lymphocytes, and mast cells) which accumulate around the bulge 
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region of non-lesional HFs in the skin of EBA mice. Interestingly the active model 

mice had decreased lesional areas and also showed a decrease in CD200 and 

TGF-β1 in comparison the passive model mice. Interestingly, using CD34 as a 

bulge stem cell marker, only marginal differences were found between control 

and test mice in either EBA model. This suggests that the bulge damage 

associated with IP collapse is less pronounced and more reversible in EBA than 

in other forms of CA and that early therapeutic intervention permits full HF 

recovery. Moreover, the bulge region in passive EBA mice showed increased 

expression of transforming growth factor-ß1. Since the after a major endogenous 

immunosuppressant with a recognized key role in HF IP, this invites the 

hypothesis that overexpression of TGFβ-1 may represent a protective 

mechanism by with the bulge region may protect itself from inflammation-

associated stem cell damage. Finally, we showed that mice injected with anti- 

FcγRIV antibodies along with pathogenic anti-collagen type VII antibodies 

showed no signs of CA, along with largely preserved bulge IP and with a 

reduction in perifollicular inflammatory cell infiltrates.  

In summary, these novel findings in two EBA mouse models suggest for the first 

time that a) autoantibodies directed against basement membrane antigens can 

induce an inflammatory infiltrate that endangers the IP of a protected 

intrafollicular stem cell niche (bulge) in mammalian skin, b) the bulge epithelium 

may counteract IP collapse by the up-regulation of IP- and stem cell-protective 

cytokines, and that c) EBA-therapeutic (anti-FcγRIV) antibodies also seem to 

exert HF and bulge-protective functions. Taken together, this sheds new light on 

the impact of autoantibody-induced inflammation on intracutaneous epithelial 

stem cells and the special immunoprivileged niche these reside in, and suggests 

potential therapeutic interventions. 
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6.0 ZUSAMMENFASSUNG 

Vernarbende (cicatrizielle) Alopezien (CA) umfassen eine seltene Gruppe von 

Erkrankungen mit permanentem  Haarausfall, die durch eine irreversible 

Zerstörung epithelialer Haarfollikelstammzellen ausgelöst wird. CA treten auch als 

sekundäres Ereignis nach Infektionskrankheiten und autoimmunbullösen 

Dermatosen auf. Zusammen mit dem Tod der epithelialen Haarfollikel (HF)-

Stammzellen tritt eine anhaltende Entzündung auf, assoziiert mit Fibrose, 

hauptsächlich im Stammzellbereich des HF, dem sog. Wulst (bulge).In der 

vorliegenden Arbeit wird die CA, die in einer gut beschriebenen 

autoimmunbullösen Dermatose auftritt, der Epidermolysis bullosa acquisita (EBA). 

Diese wird durch Autoantikörper gegen das Basalmembran-assoziierte Kollagen 

Typ VII verursacht. Hierzu werden ein passives und ein aktives EBA-Mausmodell 

untersucht. 

Da es zuvor nur in menschlichen HFs festgestellt wurde, dass die Wulst-Region 

einen relatives Immunprivileg (IP) aufweist, deren Zusammenbruch zur 

Pathogenese der CA wesentlich beitragen könnte, war die erste zu klärende 

Frage, ob es immunophenomenologische Hinweise darauf gibt, daß die Wulst-

Region muriner Telogen-HF auch immunologisch privilegiert ist. Zweitens wurde 

das entzündliche Zellinfiltrat in HFn von EBA-Mäusen mittels quantitativer (Immun-

)Histomorphometrie anaylsiert,  wobei die Ergebnisse aus dem passiven und dem 

aktiven EBA Mausmodell miteinander verglichen wurden. Drittens wurde dieses 

Infiltrat genauer untersucht hinsichtlich Schäden im Bereich der Wulstzone und 

nach Hinweisen auf einen IP-Zusammenbruch. Basierend auf früheren 

Forschungen in diesen EBA-Mausmodellen, in denen eine entscheidende Rolle 

für einen spezifischen IgG-Rezeptor (FcγRIV) in der Pathogenese der murinen 

EBA ermittelt worden war, wurde viertens getestet, ob eine Blockade des FcγRIV 

durch entsprechende Antikörper Einfluß auf die HF-Schädigung und die CA hat . 

Diese Experimente zeigen zum ersten Mal, dass die Wulstzone von gesunden 

murinen Telogen-HF charakteristische immunhistologische Marker eines relativen 

IP aufweisen. Ferner konnte gezeigt werden, dass sowohl im  passiven wie  wie 

auch im aktiven EBA-Mausmodell, dieses Wulst-IP - des Telogen HFs 
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kompromittiert wird. Dies zeigt sich an einer erhöhten und ektopischen Expression 

von MHC KlasseI-Molekülen und einer gleichzeitigen Abnahme der Expression 

des immuninhibitorischen "IP-Wächtermoleküls", CD200.  Dies scheint aus der 

durch Anti-Kollagen Typ VII-Autoantikörper induzierten perifollikulären Entzündung 

zu resultieren.  

Diese Entzündungsinfiltrate bestehen überwiegend aus MHC-Klasse II+ Zellen 

(aktivierte Makrophagen), CD4+ und / oder CD8+ Lymphozyten und aus 

Mastzellen, die um die Wulstregion von zunächst unbefallenen HFn in der Haut 

von EBA- Mäusen akkumulieren. Interessanterweise zeigten die Mäuse im aktiven 

EBA-Modell auch eine signifikante Abnahme der CD200- und der TGF-β1-

Expression in läsionalen HFn im Vergleich zu den Mäusen im passiven Modell.  

Interessant war auch, dass unter Verwendung des Stammzellmarkers CD34 nur 

marginale Unterschiede zwischen Kontroll-und Test-Mäusen in beiden EBA- 

Modellen gefunden werden konnten. Dies deutet darauf hin, dass der HF-

Stammzellschaden nach dem (Auto-)Antikörper-induzierten Zusammenbruch des 

Wulst-IP bei der experimentellen murinen EBA weniger ausgeprägt und eher 

reversibel ist als bei anderen Formen der CA. Dies paßt gut zu der klinischen 

Beobachtung bei EBA-Mäusen, daß der „vernarbende“ Haarausfall hier oft viel 

reversibler ist, als dies für eine CA typisch ist.  

Hieraus ergibt sich die wichtige, klinisch relevante Erkenntnis,  dass eine 

frühzeitige therapeutische Intervention – im Gegensatz zu anderen CAs (wie z.B. 

Lichen planopilaris oder CDLE-assoziierter CA), wo dies selbst bei rechtzeitiger 

und aggressiver Therapie kaum gelingt - durchaus eine volle HF-Regeneration mit 

komplettem Haarnachwuchs ermöglichen sollte.  

Darüber hinaus zeigt der Wulstbereich von HFn im passiven EBA-Mausmodell 

eine erhöhte Expression von TGF-ß1. Da letzteres ein wichtiger endogener 

Immuninhibitor mit einer anerkannten Schlüsselrolle im IP des HFs ist, laden diese 

Befunde zu der Hypothese ein, dass die Überexpression von TGF-ß1 einen 

Schutzmechanismus darstellen könnte,mit dem sich der HF-Wulst möglicherweise 

vor Entzündungs-assoziierten Stammzellen-Schäden zu schützen sucht. Falls 

dieses Prinizip sich auch im Humansystem bestätigt, könnte hieraus eine neue 
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therapeutische Strategie zur Protektion von epithelialen Stammzellen – 

möglicherweise auch außerhalb der Haut – abgeleitet werden. 

Schließlich konnte noch gezeigt werden, dass Mäuse, die gemeinsam mit 

pathogenen Anti-Kollagen Typ VII Antikörpern auch mit FcγRIV -blockierenden 

Antikörpern behandelt wurden, keine Anzeichen von CA zeigten. Dies ging einher 

mit einem (zumindest immunphänomenologisch) weitgehend erhaltenen Wulst-IP 

und mit einer starken Reduzierung der perifollikulären entzündlichen Zellinfiltrate 

in dieser Region. Sollten diese Ergebnisse aus dem passiven EBA-Mausmodell 

auf die klinische Situation bei EBA-Patienten übertragbar sein, liesse sich hieraus 

ableiten, dass FcγRIV -blockierende Antikörper – neben ihrem 

therapeutischenNutzen für die EBA insgesamt – auch potente protektive Effekte 

auf Basalmembran-nahe, sensible epitheliale Stammzellpopulationen entfalten 

und vor dem Auftreten einer irreversiblen CA effektiv schützen könnten. 

Zusammenfassend zeigen diese neuen, translational relevanten Erkenntnisse aus 

zwei experimentellen EBA Mausmodellen erstmals, dass a) gegen 

Basalmembran-assoziierte Antigene gerichtete Antikörper ein entzündliches 

Infiltrat induzieren können, welches die intrafollikuläre Stammzellnische in der 

Haut von Säugetieren (HF-Wulst) angreift und dessen IP gefährdet, b) diese 

Stammzellregion gegenregulatorische Maßnahmen ergreift (z.B. Hochregulation 

von TGF-ß1), c) möglicherweise deswegen nur geringe Verluste ihrer 

Stammzellpopulation erleidet, so daß die Harsausfall bei EBA viel weniger 

irreversibel ist als dies für CA üblich ist, und d) daß anti- FcγRIV Antikörper bei 

EBA auch eine HF-und Wulst-Schutzfunktionen ausüben.  

Insgesamt ergeben sich hieraus wichtige pathobiologische und therapeutische 

Perspektiven, die über die EBA hinausweisen und für andere 

Autoimmunerkranklungen relevant sein könnten, bei denen es zur Schädigung 

von epithelialen Stammzellen kommt.  
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8.0 Appendix 

 

List of reagents and solutions 

 

1. Eosin (0.1%) 

  100 mg of eosin in 100 ml of ethanol  

2. Meyer’s Hematoxylin: 

Dissolve 50 g alum in 1000 mls of distilled water and add 1g of 
 hematoxylin, 0.2 g of sodium iodate and 20 ml of glacial acetic 
 acid boil and filter on cooling. Dispense the solution into an air 
 tight  brown glass bottle and store it at room temperature. 

3. Naphthol AS-D chloroacetate solution: 

1ml N,N dimethyl formamide mixed with 35 ml Sörensens working 
solution and 200 ul of nitrosylated pararosaniline. 

4. Pararosaniline hydrochloride (pH-6.3,): 

0.5 g of pararosaniline hydrochloride powder (Merck,Germany) 
 in 20 ml distilled water and 2.5 ml HCl heated, filtered and stored 
 in the fridge. 

5. Periodic acid Schiff (PAS): 

  0.5 mg in 100 mls of distilled water  

6. Phosphate buffered saline (pH-7.2)  

  0.8 g of sodium chloride (NaCl) and 1.8 g of sodium dihydrogen  
  phosphate monohydrate (NaH2PO4) mixed in 1 L of distilled  water. 
  pH was adjusted using 1N NaOH. 

7. Sodium veronal working solution: 

  Made from suspending 5 ml vernol stock in 100 ml distilled water 

8. Sörsen’s working solution: 

32.8ml of Solution A (2.73 g Na2HPo4 in 250 ml distilled water) 
 mixed with 7.2 ml solution B (2.27 g KH2Po4 in 250 ml distilled 
 water). 
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9. Toluidine blue (TB): 

1 g of toluidine blue mixed with 0.1g of disodium tetraborate 10 
 hydrate and 0.2 g paraformaldehyde in 100 ml distilled water.  

10. Tris-borate buffered saline (pH-7.6)  

8.8 g of sodium chloride (NaCl) and 6.19 g of Tris Borate mixed 
 in 1L of distilled water. Corresponding pH was adjusted using 1N 
 NaOH.  

11. Tris-NaCl-Tween buffer (pH-7.5)  

15.76 gms of Tris HCl and 8.76 g of NaCl added to 1L of distilled 
 water. Additionally 0.05% Tween 20 is added and the pH was 
 adjusted using 1N NaOH  

12. Veronol acetate buffer: 

Sodium veronal stock solution was made by mixing 2.89 g sodium 
 vernol and 1.15 g sodium acetate in 100 ml distilled water and 
 stored at 40 C 

 

 

 

 

 

 

 

 

 

 

 



152 

 

 

9.0. Acknowledgements 

Firstly, my gratitude and sense of appreciation goes to Prof Ralf Paus who as my 

mentor supported and encouraged me until the very end to generate useful data. 

Secondly, my sincere thanks to Dr. Katja Mayer under whose guidance I had initially 

generated data for manuscript and poster presentations. I thank Katja for her sincere 

efforts in guiding, reading and rephrasing the passive model manuscript. Thirdly, I 

want to thank Marta Bertolini for her efforts in restructuring and guiding the thesis 

project after Katja had left the lab.  

I also want to thank Dr. Vladimir Emilianov for sharing his opinions and helping to 

sort out data in the initial phase of the project. I also want to sincerely thank Dr. 

Stephan Tiede, Dr. Jennifer Klöpper and Lütfiye Hastedt who took care to see that 

things were always available on the management side. I also want to thank Dr.Ewan 

Langan for his discussions, feedback and talks over a coffee. I also want to thank my 

remaining colleagues Dr.Elisabeth Gáspár, Dr.Enikö Bodo, Nancy Ernst, Goyou 

Zhang Dr.Natalia Mier Nina Van Beek, Nora Zakany Dr.Koji, Sugawara, and Silvia 

Vidali for their support during my stay at the lab. I also want to thank my roommates 

Dr. Konrad Kleszczynski, Nathalie Kruse and Dr. Tobias Fisher for sharing their 

ideas, pep talks and many funny moments. A special thanks to the technicians of our 

lab, Antje Winter-Keil, Astrid Becker, Gabrielle Scheel, Nadine Dörwald and Nina 

Biedermann, who at any time of the day took the effort to see that the labs were 

running smoothly.  

 I take this opportunity to specially thank Prof Detlef Zillikens, head of the Dept. of 

Dermatology, and Prof Ralf Ludwig, for their constant effort in guiding me as part of 

the excellence cluster and graduate collage. I also want to thank Prof Ralf Ludwig for 

taking the effort to read and give valuable insights into the project work and 

manuscripts. My special appreciation and acknowledgements goes to my close 

collaborators, Dr. Misa Hirose, Dr. Sidonia Mihai, and Dr. Michael Kasperkiewicz 

for delivering samples on a timely basis. I would also want to thank Prof. Enno 

Schmidt and Prof. Saleh Ibrahim, Prof. Jürgen Westermann and Dr. Kathrin 

Kalies for sharing their ideas on the talks that I had routinely presented in the 

department.  



153 

 

I also take this opportunity to thank Dr. Artem Vorobyev, Andreia de Castro 

Marquez,Dr. Andreas Recke, David Banczyk, Eva Hauenschild,Hengameh 

Sadeghi, Hiroaki Iwata , Jasper Prüßmann, Katerina Vafia, Laura Mellado Ranea, 

Sri Girish Srinivasa Murthy, Susen Müller, Tina Beeckman,Unni Samavedam, 

Wiebke Jung, Yask Gupta and all my other colleges in House 10, who were also 

indirectly associated with my academic accomplishments during my stay in Lübeck. I 

also want to thank Dr. Noel and his veterinary staff at the animal care facility for 

their concrete efforts to see that the experiments ran smoothly.  

Last but not the least, my sense of sincere appreciation and acknowledgement goes 

to the Cluster of Excellence in Autoimmunity and the DFG-Graduate College 

(GRK1727) for providing consistent support for my research and the ever lively, 

pedantic and interesting cluster lectures at Borstal. I also take this opportunity to 

especially thank my friends Boano CA, Celine Schiffer and Andi, Christina Geith, 

Darren Carlson, Freddy de Vries, Gina and Mathais Willener, Marie Kiki, Nour 

Dean, Hamid Hadjar, Heide Köhnke, Jana Knüver, Ben Niehus, Matthias Phol, 

Laura Pomarjanschi, and Tobias Wolschon, who made my stay lively and 

memorable with some nice stammtisch events, parties, cooking sessions , interesting 

talks over coffee break, and special outings in and around Lübeck. 

As I look back into accomplishing my thesis, I would like to thank my former teachers, 

Prof. Nico Dantuma and Dr. Florian Salomons at the Center for Cellular and Molecular 

Biology, Karolinska Institute, Stockholm, and Dr. Anna Lobell at the University of 

Uppsala for helping me build my scientific acumen at the early stages of my career.  

Finally, I take this opportunity to sincerely thank my family for their continued, patient 

support of my studies abroad. 

 

 

 

 

 

 



154 

 

 

10 Curriculum vitae. 

Name   Sai Kailash Uppalapati 

Date of birth  24-09-1976 

Address:  Plot No.52, Lakshmipuram Colony, Poranki,  

   Vijayawada-521137, A.P, INDIA. 

Email:   sai.uppalapati@rediffmail.com 

Nationality:  Indian 

Status:   Married 

Education: 

B.Sc   Microbiology 1999 P.B Siddhartha College, India 

M.Sc   Microbiology  2001 Nagarjuna University, India 

Masters Degree  Biomedicine 2004 Linkoping University, Sweden 

Course in Neuroscience: Karolinska institute, Stockholm, Sweden (2004-2006) 

• Real time monitoring of Ubiquitin Proteasome System (UPS) 

 in cellular models of neurodegeneration. CCMB, Karolinska Institute 

• Suppressive DNA vaccination as a tool to characterize novel protective  immune 

 mechanisms in autoimmune neuroinflammation,Department of  Autoimmunity, 

 University of Uppsala 

 

Project work: UMCG, Groningen, The Netherlands (2006-2007) 

• Role of lipids in functionality of MRP1 transporter,Department of Membrane 

 Cell Biology, UMCG, Groningen, The Netherlands 2006 

 DNA methylation as a marker for predicting outcome in oral squamous cell 

 carcinoma, Dept of Pathology, UMCG, The Netherlands 

 



155 

 

PhD thesis: 2008-2011 Dept of Dermatology University of Lubeck, Germany 

Project titile: Immune privilege collapse and epithelial stem cell damage during hair  

  follicle inflammation in murine epidermolysis bullosa acquisita (EBA) 

 

Abstracts published as part of the PhD thesis project 

• Uppalapati SK, Meyer KC, Hirose M, Mihai S, Zillikens D, Ludwig R. 

 Antibody-induced cicatricial alopecia in epidermolysis bullosa acquisita (EBA): 

 Lessons on the immunopathology of epithelial stem cell deletion from a passive 

 EBA mouse model. J Invest Dermatol 129: (2009), S-68 

o S. K.Uppalapati, K. C. Meyer, M. Hirose, S. Mihai, F. Nimmerjahn, 

 D.Zillikens, R. J. Ludwig and R. Paus Lessons on the immunopathology of 

 epithelial stem cell destruction and antibody-induced cicatricial alopecia from  a  

 passive transfer epidermolysis bullosa acquisita (EBA) mouse model Exp 

 Dermatol 19: (2010) issue 2, page 191. 

Other associated abstracts and publications during my thesis work 

• S. K. Uppalapati, M. Bertolini, K. C. Meyer, S. Tiede, P. Peterson and R. 

 Paus.Gene and protein expression of AIRE (Autoimmune regulator) in AA c

 ompared to normal human scalp skin. Exp Dermatol 19: (2010) issue 2, page 

 191 

Other publications made during the course of the thesis project: 

• Reithmayer K, Meyer KC, Kleditzsch P, Tiede S, Uppalapati SK, Gläser R, 

 Harder J, Schröder JM, Paus R. Human hair follicle epithelium has an 

 antimicrobial defense system that includes the inducible antimicrobial peptide 

 psoriasin (S100A7) and RNase 7. Br J Dermatol 161: (2009) 78-89. 

• Rakers S, Gebert M, Uppalapati SK, Meyer W, Maderson P, Sell AF, and 

 Kruse C, Paus R. ‘Fish matters': the relevance of fish skin biology to 

 investigative dermatology. Exp Dermotol 19: (2010) 313-24. 

 

 

 


