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1 INTRODUCTION 

 

1.1 Autoimmunity 

The immune system functions as the defense mechanism of the body against infections. After 

the first protection by the innate immune response, adaptive immune mechanisms specifically 

recognize pathogens and develop long-term immunological memory (Sakaguchi et al. 2008). 

While continuous production of new T cells and B cells takes place, incorrect negative selection 

or inactivation can result in autoreactive antigen-specific immune cells attacking self-antigens 

and healthy tissues (Elkon and Casali 2008; Nicholson 2016). 

Autoreactive T cells, present in the periphery, can recognize peptides of autoantigens 

presented on specific cells leading to diseases such as autoimmune blistering disease (AIBD) 

(Hertl et al. 2006). Furthermore, autoimmune diseases such as systemic lupus erythematosus 

(SLE) are triggered by autoreactive T cells that activate B cells via co-stimulatory molecules 

and B cell activation via Toll-like receptors (TLRs) (Shlomchik 2008; Theofilopoulos et al. 

2017). Activated autoreactive B cells secrete pro-inflammatory cytokines and autoantibodies 

which results in T cell activation and autoimmune pathology (Chan and Shlomchik 1998; Wong 

et al. 2004). 

To avoid reactivity against self-antigens and the development of autoimmunity, the immune 

system has established specific mechanisms. 

 

1.1.1 Regulatory T cells (Treg) 

For suppression of autoimmunity, regulatory T cells (Treg) play a major role in preventing 

autoimmune diseases (Ohkura et al. 2013; Sakaguchi et al. 2008). In vivo experiments have 

demonstrated the development of autoimmune diseases in mice after depletion of CD4+CD25+ 

Treg and inhibition of disease induction by adoptive transfer of Treg (Sakaguchi et al. 1995). 

Treg are characterized by the transcription factor FOXP3 belonging to forkhead transcription 

factors (Fontenot et al. 2003; Hori et al. 2003). Insertion of missense mutations in the Foxp3 

gene has demonstrated the insurance of regulation, development, and function of Treg by the 

transcription factor (Sakaguchi et al. 2008). Mutations in the Foxp3 gene cause a dysfunction 

of Treg leading to severe autoimmune diseases. Dysfunction in Treg results in the scurfy 

phenotype (1.1.2) in mice (Haeberle et al. 2018). In humans, these mutations lead to non-
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functional Treg resulting in the IPEX (immunodysregulation polyendocrinopathy enteropathy 

X-linked) syndrome (Ochs et al. 2005; Sakaguchi et al. 2008). 

Functionally, Foxp3+ Treg suppress autoreactive T cells by secreting anti-inflammatory 

cytokines such as TGF-β, IL-10, or IL-35 to influence inflammatory responses (Bettini and 

Vignali 2009). The exact mechanism for the prevention of autoimmunity is not yet fully 

understood, but several indirect and direct mechanisms have been described for the regulation 

of potentially autoreactive CD4+ T cells. 

By secreting regulatory cytokines, Treg can change the conformation of antigen-presenting 

cells (APCs) that shape antigen-specific CD4+ T cells to a regulatory phenotype (Arellano et 

al. 2016). In addition, direct inhibition of CD4+ T cells by Treg can occur (Shlomchik 2008). 

Autoreactive CD4+ T cells provide B cell help, which eventually leads to autoantibody 

production and autoimmune diseases (Linterman et al. 2011; Wollenberg et al. 2011). 

Furthermore, Treg secrete TGF-β or cytotoxic proteins to initiate apoptosis of autoreactive B 

cells and finally inhibit autoantibody production (Arellano et al. 2016; Lim et al. 2005). 

 

In summary, Treg are critical to maintain the balance of the immune system by suppressing 

autoimmunity. Subsequently, the development of autoimmune diseases as a result of 

dysfunctional Treg will be discussed. 

 

1.1.2 Scurfy mouse model 

To get further insights into the development of autoimmune disease, the scurfy mouse model 

can be used. Scurfy mice have a two base pair insertion in the Foxp3 gene and therefore non-

functional Treg (Brunkow et al. 2001; Godfrey et al. 1991b). Autoreactive CD4+ T cells expand 

and produce tissue damage (Figure 1). Recently, it was shown that the transfer of CD4+ T cells 

in Rag2 knock-out mice, lacking B and T cells, leads to interface dermatitis in the skin indicating 

T cell-mediated autoimmunity (Takahashi et al. 2011). Furthermore, autoreactive CD4+ T cells 

can indirectly recruit inflammatory immune cells or activate B cells which then produce high 

titers of autoantibodies detectable in the serum of scurfy mice (Figure 1) (Aschermann et al. 

2013; Hadaschik et al. 2015; Huter et al. 2010). Scurfy mice suffer from strong inflammation 

and progressive immune cell infiltration in lymph nodes, spleen, skin, lung, and liver (Figure 1) 

(Godfrey et al. 1991b). These mice die 15-40 days after birth due to generalized autoimmune 

diseases following multi-organ failure (Fontenot et al. 2003; Hadaschik et al. 2015; Haeberle 

et al. 2018). Considering the Foxp3 mutation as an X-chromosomal mutation, only male mice 

develop the typical scurfy phenotype (Godfrey et al. 1991b). 
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Previously, characterization of scurfy autoantibodies revealed skin-specific antibodies which 

target different structural skin proteins leading to subepidermal blister formation in the skin 

relevant for the development of AIBD (Figure 1) (Haeberle et al. 2018; Hashimoto et al. 2018; 

Muramatsu et al. 2018). Specifically, a reactive pathogenic autoantibody attacking BP230 in 

the skin, mimicking the human disease bullous pemphigoid (BP), could be isolated from sick 

scurfy mice (Haeberle et al. 2018). 

 

1.1.3 B cells 

B cells are crucial for autoimmune disease development with antibody contribution as they are 

capable of antigen presentation and provide co-stimulation to T cells (Hoffman et al. 2016). In 

addition, B cells are immunomodulatory and regulate immune responses by cytokine secretion 

(Hoffman et al. 2016). 

In this chapter, B cell development, function, and contribution to autoimmunity will be discussed 

in detail. 

Figure 1. Schematic illustration of disease progression in scurfy mice. Foxp3 mutation in scurfy 
mice results in dysfunctional regulatory T cells (Treg). Expansion of autoreactive CD4+ T cells cannot be 
prevented by Treg which leads to activation of autoreactive B cells producing high titers of 
autoantibodies. Autoantibodies and autoreactive T cells affect several inner organs and lead to strong 
inflammation and blister formation in the skin (created with BioRender). 



 12 

1.1.3.1 Development and function of B cells 

In mice and humans, two main classes of B lymphocytes derive from hematopoietic stem cells: 

B1 and B2 B cells. B1 progenitors give rise to B1 cells in fetal liver which migrate to pleural 

and peritoneal cavities producing low-affinity antibodies to T cell-independent antigens as well 

as natural IgM and polyreactive IgA antibodies (Hoffman et al. 2016; Montecino-Rodriguez and 

Dorshkind 2012; Pillai and Cariappa 2009). 

B cell progenitors in bone marrow (BM) give rise to transitional 2 B cells acquiring cell surface 

IgD and CD21 after leaving the BM (Chung et al. 2003). Transitional B cells differentiate into 

marginal zone (MZ) B cells and follicular B cells occurring in spleen and lymph nodes (Hoffman 

et al. 2016). While MZ B cells represent a population generating antibodies T cell 

independently, follicular B cells mirror the conventional B cells of the adaptive immune system 

(Hoffman et al. 2016). By residing lymphoid follicles of spleen and lymph nodes, most mature 

B cells respond to foreign antigens presented by follicular dendritic cells (DCs), proliferate, and 

undergo clonal expansion to plasma cells or enter germinal center (GC) reactions (LeBien and 

Tedder 2008). GCs develop in secondary lymphoid tissues after antigen activation of mature 

B cells (LeBien and Tedder 2008). Within the GC, GC B cells interact with follicular T helper 

cells (Tfh) producing IL-21 and other co-stimulatory signals (Shlomchik and Weisel 2012). This 

results in B cell proliferation and induction of gene expression programs important for somatic 

hypermutation and class-switch recombination (LeBien and Tedder 2008). High-affinity class-

switched memory B cells and plasma cells are generated within GC reactions (Shlomchik and 

Weisel 2012). Supported by secretion of CXCL12 and the cytokines IL-6 and APRIL plasma 

cells produce antibodies independently of further exposure to antigens and thereby maintain 

serologic memory (Nutt et al. 2015). Memory B cells are arranged in follicular groups in 

lymphoid tissues where they wait for rapid differentiation into plasmablasts ensuring diversified 

antibody responses (Kurosaki et al. 2015; McHeyzer-Williams et al. 2015). 

Besides antibody production, B cells function as mediators for immune homeostasis (LeBien 

and Tedder 2008). On the one hand, antigen internalization by B cell receptors (BCR) is 

required for antigen-specific interactions between T and B cells, which was demonstrated by 

B cell depletion studies in adult wildtype (WT) mice (Bouaziz et al. 2007; Lanzavecchia 1985). 

Furthermore, the absence of B cells during mouse maturity revealed importance of B cells for 

the development of a normal immune system (LeBien and Tedder 2008). By releasing 

immunomodulatory cytokines, B cells are able to regulate the function of T cells, DCs, and 

other APCs to maintain a normal function of immune responses (Harris et al. 2000). 

Abnormalities in B cell development or regulation can lead to autoimmune reactions resulting 

in severe autoimmune diseases. 
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1.1.3.2 Autoreactive B cells and scurfy mice 

Considering successful treatment of patients with autoimmune diseases like SLE by B cell 

depletion, B cells play an important role in human autoimmune disorders (Edwards and 

Cambridge 2005; Yildirim-Toruner and Diamond 2011). Disease induction can be triggered by 

B cells as APCs, cytokine secretion, or autoantibody production (Giltiay et al. 2012). B cells 

undergo different regulatory checkpoints for elimination of autoreactive cells during 

development (Giltiay et al. 2012). In BM, polyreactive and autoreactive immature B cells are 

eliminated through receptor editing and deletion (Meffre 2011; Pillai et al. 2011). Instead of 

elimination, immature B cells become mature B cells in the periphery to avoid autoreactivity 

(Giltiay et al. 2012).  

Dysregulation of these control mechanisms can lead to severe autoimmune diseases in 

patients. TLR-mediated signals together with defective BCR signaling can result in incorrect 

deletion or editing of autoreactive B cells in BM which expand in the periphery (Giltiay et al. 

2012). Furthermore, signaling via CD40 ligand (CD40L) and major histocompatibility complex 

(MHC) class II seems to be essential for the peripheral control of autoreactivity (Meffre 2011). 

Recently, it was shown that elevated levels of B cell pro-survival factor BLys have an impact 

on the survival of autoreactive B cells escaping regulatory mechanisms (Liu and Davidson 

2011; Pillai et al. 2011). Somatic hypermutation is an important mechanism leading to high-

affinity B cells but can in contrast result in generation of autoreactive B cells producing 

autoantibodies as demonstrated in a mouse model for lupus (Guo et al. 2010). 

Previous studies of scurfy mice suffering from Treg deficiency revealed a severe malfunction 

of B lymphopoiesis in BM of adolescent mice including CD19+ B cells and immature IgM+ cells 

(Chang et al. 2012; Leonardo et al. 2010). However, it could not be explained how the 

development of the peripheral pool of self-reactive mature B cells, characterized by increased 

antibody production against several self-antigens, occurs (Haeberle et al. 2018; Huter et al. 

2010; Leonardo et al. 2010; Nguyen et al. 2007). To address this, it has been proposed that 

GC reactions of B cells are modulated by a regulatory Tfh cell subset which could explain the 

strong expansion of B cells in later developmental stages in scurfy mice (Aschermann et al. 

2013; Chung et al. 2011). Furthermore, using double knock-out mice Aschermann et al. 

showed a strong reduction in autoimmunity in scurfy mice if B cells and autoantibodies were 

absent. Disease phenotype could be reconstituted after transfer of mature splenic B cells from 

WT mice into B cell-deficient scurfy mice to strengthen this point (Aschermann et al. 2013). 
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1.1.3.3 B cell associated cytokines 

Besides antibody production, B cells secrete several cytokines that mediate Th1- or Th2-like 

immune responses. Depending on their function, different B cell subsets produce diverse 

cytokines after activation and can be separated into effector and regulatory phenotypes (Lund 

2008). Two effector B cell populations can be subdivided based on their priming by T cells 

(Harris et al. 2000; Lund 2008). B cells primed by Th1 cells (Be-1 cells) secrete IFN-γ and IL-

12p70 to promote Th1 differentiation, which is required for defense against pathogens (Harris 

et al. 2000; Lund et al. 2005). After being primed by Th2 cells, B cells (Be-2 cells) produce IL-

4, IL-2, IL-13, IL-6, and TNF-α for induction of Th2 immune responses often associated with 

allergies (Harris et al. 2000; Lund et al. 2005). Besides T cell priming, the cytokines IL-4 and 

IL-6 are important for B cell proliferation, survival, and isotype-switching (Rush and Hodgkin 

2001; Van Snick 1990). In addition to Th1 cells, Th17 effector cells have been implicated in the 

pathogenesis of several autoimmune diseases (Damsker et al. 2010; van Bruggen and 

Ouyang 2014). Moreover, the role of IL-17 in maintaining the humoral immune response as 

well as promotion of GC development during autoimmunity has been demonstrated, indicating 

an impact on B cell autoimmune responses (Hsu et al. 2008; Xie et al. 2010).  

The cytokines CD40L and B cell activating factor (BAFF) also play critical roles in B cell function 

(Medgyesi et al. 2014; Thai et al. 2018). CD40L is important for antibody production and 

isotype-switched memory B cells (Jain et al. 2011; MacLeod et al. 2006). Myeloid innate 

immune cells express BAFF, which can bind B cells via the BAFF receptor (BAFFR), B cell 

maturation antigen (BCMA), and transmembrane activator and calcium-modulator and 

cytophilin ligand interactor (TACI), thereby maintaining peripheral B cell survival (Guo et al. 

2021). Overexpression of BAFF has been implicated in autoimmune disorders such as SLE 

(Groom et al. 2007; Schneider et al. 2001). BCMA is found membrane-bound on activated B 

cells and IgG-secreting cells that bind BAFF and APRIL and is essential for antibody production 

but is also involved in autoimmune diseases (Darce et al. 2007; Hiepe et al. 2011; Yang et al. 

2005). Previously, direct shedding of the membrane-bound receptor by γ-secretase was 

confirmed, leading to regulatory mechanisms and plasma cell restriction by soluble BCMA 

(sBCMA) (Laurent et al. 2015). 

To regulate autoimmune responses, regulatory B cells (Breg) are characterized by reduction 

of autoimmunity and suppression of antigen-specific CD4+ T cell proliferation (Mauri et al. 2003; 

Yang et al. 2010). By secreting the cytokines IL-10 and TGF-β, Breg can convert naive CD4+ 

T cells into Treg or facilitate plasma cell development (Chen et al. 2003; Choe and Choi 1998).  
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1.1.3.4 Skin associated B cells 

The common understanding of autoreactive B cell development comprises self-reactive B cell 

generation in the BM following escape of central tolerance and circulation to secondary 

lymphoid organs (Brink 2014; Yurasov et al. 2005). Furthermore, GC reactions can lead to 

memory B cell differentiation or plasma cells that induce autoimmune disease via pathogenic 

autoantibodies (Winter et al. 2012). In several cutaneous autoimmune diseases, 

autoantibodies are critical for diagnosis and various immune cells are known to patrol the skin 

and directly induce inflammation (Debes and McGettigan 2019; Egbuniwe et al. 2015). 

Different B cell subsets such as B2 B cells, memory B cells, and plasma cells have been shown 

to infiltrate the skin and are involved in autoimmune bullous dermatoses such as pemphigus 

vulgaris (Hennerici et al. 2016; Yuan et al. 2017). B cells may reside tertiary lymphoid 

structures in inflamed skin being directly in charge to mediate autoimmune responses in the 

tissue (Fetter et al. 2020). 

Previously, Haeberle et al. could display that CD4+ T cells and CD11b+ cells infiltrate the 

inflamed skin of sick scurfy mice suffering from severe autoimmune diseases (Haeberle et al. 

2017). Whether B cells are also able to recirculate in the skin and directly contribute to 

autoantibody production and inflammation in scurfy mice leading to AIBD progression will be 

discussed further.  

 

1.2 Architecture of the skin 

To further understand skin-specific autoimmune diseases, the architecture of the skin, 

including structural proteins, is of great importance. The skin is composed of the epidermis, 

dermis, and subcutis (Figure 2). The epidermis consists of keratinocytes that form the stratum 

basale with a layer of keratinocytes just above the basement membrane zone (BMZ) (Figure 

2). These basal keratinocytes contain mitotically active stem cells that continuously produce 

new keratinocytes (Kanitakis 2002). Keratinocytes are separated from the dermis by the 

basement membrane consisting of the Lamina lucida and Lamina densa (Figure 2). The 

epidermis acts as a barrier against external mechanical influences, water or pathogenic 

organisms (Kanitakis 2002). 

Therefore, the stability of the skin is important to maintain its structure and functions. The 

epidermis and dermis are connected by desmosomes and hemidesmosomes (Figure 2). 

Keratinocytes are interconnected by desmosomal structures that link keratin filaments. 

Intracellular adhesion of keratinocytes is mediated by Desmoglein 1, Desmoglein 3 and 

Desmocollin which are cadherins (Amagai et al. 1991; Koch et al. 1990). Basal keratinocytes 
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are connected to the basement membrane by hemidesmosomes through the dermal-

epidermal junction (DEJ) (Figure 2). The cytoplasmic proteins BP230 and Plectin and the 

transmembrane proteins BP180 and Integrin α6β4 connect keratinocytes to dermal collagen 

fibers. Laminin 332 (also called Laminin 5) or Laminin 6 mediate the connection between 

anchoring fibrils such as Collagen Type VII (Col7) and transmembrane proteins to maintain 

hemidesmosomal structures (Figure 2) (Yancey 1995).  

Targeting these important structural skin proteins results in severe autoimmune skin diseases. 

 

 

Figure 2. Schematic illustration of the skin and structures. Skin consists of three layers: epidermis, 
dermis and subcutis. Epidermis consists of keratinocytes which are arranged in different layers. Basal 
keratinocyte layer above the basement membrane zone (BMZ) is called Stratum basale. Keratinocytes 
are interconnected via desmosomes consisting of Desmoglein 1, Desmoglein 3, Desmocollin and 
different anchoring proteins. Connection between epidermis and dermis is called BMZ (Lamina lucida, 
L. lucida, Lamina densa, L. densa) and consist of hemidesmosomal structures. Hemidesmosomes are 
built of cytoplasmatic proteins like BP230 or Plectin, transmembrane proteins like BP180 or Integrin 
α6β4 which are connected via Laminin 332 to Collagen VII in the lower BMZ (created with BioRender). 
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1.3 Autoimmune blistering diseases (AIBD) 

Autoimmune blistering diseases (AIBD) are a group of human autoimmune disorders that 

cause severe damage to the skin and mucous membranes (Witte et al. 2018). 

Characteristically, pathogenic autoantibodies target key structural skin proteins, leading to 

intraepidermal blistering or blisters around the BMZ in AIBD patients (Hammers and Stanley 

2016; Schmidt et al. 2019; Schmidt and Zillikens 2013). Intraepidermal blistering is triggered 

by autoantibodies that attack desmosomal proteins such as Desmoglein 1 and 3, resulting in 

acantholysis and pemphigus diseases (Kasperkiewicz et al. 2017).  

Pemphigoid diseases are characterized by blistering in the DEJ induced by autoantibodies 

targeting hemidesmosomal proteins (Hertl et al. 2006; van Beek et al. 2018). Pathologically, 

several mechanisms have been described that lead to subepidermal AIBD, such as recruitment 

of mast cells and neutrophils by autoantibodies as well as activation of the complement system 

(Fang et al. 2018). For most AIBD, the antigens targeted by autoantibodies have been 

described. Bullous pemphigoid (BP) is the most common form of subepidermal blistering 

disease induced by autoantibodies targeting BP180 and BP230 in the skin (Georgi et al. 2001; 

van Beek et al. 2018). Autoantibodies attacking BP180 or Laminin 332 cause mucous 

membrane pemphigoid (MMP) and severe blistering in the mouth, conjunctiva, or nasal 

mucosa (Goletz et al. 2017; Schmidt and Zillikens 2013). The clinical features of anti-

p200/Laminin γ1 pemphigoid resemble BP by the production of autoantibodies against the c-

terminus of Laminin γ1 (Goletz et al. 2014). The severe pemphigoid disease epidermolysis 

bullosa acquisita (EBA) is described in the following. 

 

1.3.1 Epidemiological background 

The prevalence of patients suffering from BP reaches 20 per million per year, making it the 

most common form of subepidermal blistering in central Europe (Witte et al. 2018). The 

morbidity of BP patients increases with age and most patients are affected between ages of 

70 and 80 (Bertram et al. 2009). EBA is estimated to be a rare disease with an incidence of 

<0.5 per million (Bertram et al. 2009; Zillikens et al. 1995). In contrast to BP, the onset of EBA 

can occur at any age (Marzano et al. 2013; Trigo-Guzman et al. 2003). 
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1.3.2 Diagnostic of AIBD 

For the diagnosis of AIBD, detection of membrane-bound and circulating autoantibodies is 

necessary before appropriate therapy can be initiated (van Beek et al. 2018). 

Histologic analysis of biopsies of lesional skin helps to differentiate between intraepidermal or 

subepidermal blistering to define pemphigus or pemphigoid diseases (van Beek et al. 2018). 

When direct immunofluorescence (DIF) microscopy is applied to the skin of AIBD patients, 

skin-bound autoantibodies can be detected (Witte et al. 2018). Linear staining along the DEJ 

indicates antibodies attacking hemidesmosomal proteins, resulting in pemphigoid disease, 

whereas pemphigus disease is characterized by intraepidermal reticular staining around 

keratinocytes (Schmidt and Zillikens 2011).  

For further identification of antigen localization along the BMZ, indirect immunofluorescence 

(IIF) microscopy with patient serum on salt-split skin is the gold standard (Gammon et al. 1990). 

Specifically, linear staining on skin with salt-induced separation of epidermis and dermis 

reveals antigen localization on the dermal or epidermal side of the BMZ, indicating different 

forms of AIBD. Target antigens located at the blister roof such as BP180 or BP230, indicate 

BP diagnosis (van Beek et al. 2018). Autoantibodies against Col7 or Laminin 332 show linear 

fluorescence at the dermal side of the artificially induced blister specific for EBA or MMP (van 

Beek et al. 2018). 

Final specific analysis of AIBD is performed by Enzyme linked immunosorbent assay (ELISA) 

and western blot to identify the target antigens for further treatment (Witte et al. 2018). 

 

1.3.3 Epidermolysis bullosa acquisita (EBA) 

Autoantibodies directed against Col7 in the skin or mucous membranes indicate blistering 

disease EBA (Woodley et al. 2005). Patients suffer from chronic inflammation, severe 

subepidermal blistering and scarring (Koga et al. 2018). Col7 is a large structural skin protein 

that is the major component of anchoring fibrils in the dermis. Consisting of a central 

collagenous domain (triple helical domain, THD) and two non-collagenous domains (NC1 and 

NC2), autoantibodies mainly target the immunodominant NC1 part including the von-

Willebrand-Factor-A-like domain 2 (vWFA2) of Col7 (Chen et al. 2007; Gammon et al. 1993). 

EBA is a chronic skin disease with remissions over years, and the overall prognosis depends 

on the age and severity of the patients (Koga et al. 2018). The clinical presentation of EBA 

varies in different subgroups (Koga et al. 2018). The most common disease manifestations are 

the classical/mechano-bullous and BP-like forms (Koga et al. 2018). The pathologic 

mechanisms leading to different forms of EBA are discussed in the following. 
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1.3.4 Pathological mechanisms of EBA 

Two main clinical presentations of EBA have been described, non-inflammatory and 

inflammatory forms. 

The classical/mechano-bullous form of EBA is a non-inflammatory manifestation that clinically 

shows skin fragility, blisters and erosions, as well as non-inflamed scarred skin (Prost-

Squarcioni et al. 2018). Blister formation is induced by a still unknown direct pathway mediated 

by autoantibodies targeting Col7 without recruitment of inflammatory cells or cytokines 

(Kasperkiewicz et al. 2016; Koga et al. 2018; Prost-Squarcioni et al. 2018). 

In contrast, the BP-like form of EBA leads to pruritus, erosions on inflamed skin as well as 

blister formation via an inflammatory pathway (Koga et al. 2018). The exact mechanisms 

leading to disease onset are still unknown. The contribution of genetic and environmental 

factors like genes around the MHC locus or the microbiome are discussed (Gammon et al. 

1988). Autoantibody production against Col7 in the skin is initiated by CD4+ T cells in 

experimental EBA (Iwata et al. 2013). Upon binding of autoantibodies to Col7 in the skin, 

complement is activated and pro-inflammatory immune cells such as monocytes and 

macrophages are recruited (Figure 3). Cytokines like IL-6 or TNF-α are released within the 

effector phase of EBA (Samavedam et al. 2013) leading to extravasation of neutrophils into 

the skin (Figure 3). Neutrophils bind to immune complexes present in the skin via their Fcγ-

receptor IV (FcγRIV) as a key mediator (Figure 3) (Kasperkiewicz et al. 2012). After stimulation 

with immune complexes, a signaling cascade is initiated in neutrophils resulting in activation 

and release of reactive oxygen species (ROS) and metalloproteases (Figure 3) (Hirose et al. 

2017). In addition to ROS extravasation into the DEJ, leukocytes, NKT cells, and γδ T cells are 

described to reside in the skin contributing to subepidermal blister formation and the clinical 

EBA phenotype in patients (Figure 3). 

Previous studies have shown a positive effect of Treg on the progression of transfer induced 

EBA (Bieber et al. 2017). Thus, Treg deficiency in scurfy mice may provide further insights into 

B cell-mediated AIBD onset and pathological mechanisms. 
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Figure 3. Pathogenic mechanism of inflammatory EBA. Loss of tolerance leads to release of 
autoantibodies targeting collagen type VII (Col7) at the dermal-epidermal junction (DEJ). Binding of 
anti-Col7 antibodies leads to complement deposition (C3, C5, C1q), immune cell infiltration and 
cytokine release at the basement membrane zone (BMZ). Immune complexes (anti-Col7 antibodies 
and Col7 peptides) bind to Fcγ-receptor IV (FcγRIV) on neutrophils resulting in release of reactive 
oxygen species (ROS) and matrix metalloproteases. In addition, monocytes, macrophages, NKT cells 
and γδ T cells are involved in final blister formation in the skin (created with BioRender). 
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1.4 Aims of the project 

The aim of this project is to investigate the role of autoreactive B cells and pathogenic 

antibodies leading to the onset of AIBD in scurfy mice.  

Previous experiments have shown that Treg deficiency in scurfy mice leads to the development 

of AIBD triggered by autoreactive CD4+ T cells (Haeberle et al. 2018). Further studies showed 

a severe malfunction of B lymphopoiesis in the BM of scurfy mice, while a strong expansion of 

self-reactive B cells in the periphery was also demonstrated (Chang et al. 2012; Leonardo et 

al. 2010; Nguyen et al. 2007). These data support the role of B cells in disease pathogenesis. 

The objective of the current project is to investigate the contribution of autoreactive B cells in 

lymphoid organs and skin leading to disease progression in Treg-deficient scurfy mice. 

Furthermore, the role of antigen-specific autoreactive B cells in the pathogenesis of AIBD is 

addressed by performing ELISpot assays with AIBD-related antigens and B cells from sick 

scurfy mice. 

Previously, a spontaneously developed scurfy autoantibody targeting BP230 could be isolated 

which induces BP in WT mice (Haeberle et al. 2018; Muramatsu et al. 2018). 

Besides B cell contribution to AIBD, another aim of the current project is to further characterize 

another autoantibody derived from sick scurfy mice which has been shown to be pathogenic 

in vivo by inducing subepidermal blisters in WT neonatal mice (Vicari 2019, Master thesis): To 

identify the antigen targeted by this particular autoantibody (H510) and to investigate the 

pathologic mechanism of blister formation. 

Within this project, the objective is to analyze the role of B cells in the immunopathology of 

scurfy mice involved in the progression of AIBD under Treg deficiency. By characterizing a 

newly isolated autoantibody from scurfy mice, the potential pathological mechanisms and 

relevance for AIBD will be elucidated. 

Further dissection of the autoimmune responses in scurfy mice that lead to skin disease by 

focusing on specific B cell subsets and autoantibodies will allow research into novel therapeutic 

targets for treatment of AIBD patients. 
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2 MATERIAL AND METHODS 

   

2.1 Material 

 

2.1.1 Cell culture media and reagents 

2.1.1.1 Reagents 

Fetal calf serum (FCS)   Sigma Aldrich (St. Louis, MO, USA) 

Penicillin/Streptomycin (Pen/Strep)  1000 U/ml Penicillin, 10 mg/ml Streptomycin, GE 

Healthcare (Pasching, Austria) 

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

acid, Biochrom (Berlin, Germany) 

Sodium Pyruvate Sigma Aldrich (St. Louis, MO, USA) 

L-Glutamine GlutaMAX-L (100x), Gibco/Life Technologies 

(Carlsbad, CA, USA) 

β-Mercaptoethanol Gibco/Life Technologies (Carlsbad, CA, USA) 

MEM Amino acids MEM non-essential Amino acids, Capricorn 

Scientific (Ebsdorfergrund, Germany) 

Gentamycin/Amphotericin B CnT-GAB10, CELLnTEC (Bern, Switzerland) 

Dispase II CnT-DNP10, CELLnTEC (Bern, Switzerland) 

Accutase CnT-Accutase-100, CELLnTEC (Bern, 

Switzerland) 

Trypsin Trypsin/EDTA (10x), GE Healthcare (Pasching, 

Austria) 

Collagenase Type Ia Sigma Aldrich (St. Louis, MO, USA) 

DMSO  Dimethylsulfoxid, Sigma Aldrich (St. Louis, MO, 

 USA) 
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2.1.1.2 Mammalian Cell Culture Media 

DMEM   Dulbecco’s Modified Eagle Medium, Gibco by Life 

Technologies (Carlsbad, CA, USA): Containing 

10% FCS, 4 mM L-Glutamine, 1 mM Sodium 

Pyruvate, 10 mM HEPES, 1% Pen/Strep 

Complete RPMI RPMI 1640 Media, Gibco by Life Technologies 

(Carlsbad, CA, USA): Containing 10% FCS, 2 mM 

L-Glutamine, 1 mM Sodium Pyruvate, 10 mM 

HEPES, 1% Pen/Strep, 0.05 mM β-

Mercaptoethanol, 1x MEM Amino acids  

Epithelial Culture Medium ready-to-use, CnT-Prime, CELLnTEC (Bern, 

Switzerland), before use addition of 1x CnT-

GAB10 

 

2.1.2 Cell lines 

 

2.1.3 Primers (Genotyping) 

FoxP3 reverse primer    CATCGGATAAGGGTGGCATA 

FoxP3 forward primer Wildtype  CTCAGGCCTCAATGGACAAG 

FoxP3 forward primer Mutant  TCAGGCCTCAATGGACAAAA 

 

Name Cell Type Organism 
Growth 

Properties 
Media Provider 

HEK293T Embryonic 
kidney cells 

Homo 
sapiens 

adherent DMEM AG Prof. 
Schäkel, 
Heidelberg 

Primary 
murine 
keratinocytes 

Primary 
keratinocytes 

Mus 
musculus 

adherent Epithelial Culture 
Medium 

Described 
in 2.2.4.3 

Primary 
murine 
fibroblasts 

Primary 
fibroblasts 

Mus 
musculus 

adherent DMEM + 0.05 mM 
β-Mercapto-
ethanol 

Described 
in 2.2.4.4 
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2.1.4 Antibodies 

2.1.4.1 Isolated scurfy antibody 

Specificity Host Isotype Clone Color Concentration Company Dilution 

murine 
vWFA2 of 
Collagen 
type VII 

mouse IgG1 k H510 - 5 mg/ml Selfmade and 
purified by 
Absolute 
antibody 
(Cleveland, 
UK) 

Western 
blot 
1:100, 
IF 1:100 

 

2.1.4.2 Flow cytometry antibodies 

Specificity Host Isotype Clone Color 
Con-

centration 
company Dilution 

B220/ 
CD45R 

rat IgG2a 
k 

RA3-6B2 APC 0.2 mg/ml Biolegend 1:800 

CD138 rat IgG2a 
k 

281-2 BV 421 0.2 mg/ml Biolegend 1:600 

CD16/ 
CD32 

rat IgG2b 
k 

2.4G2 - 5 mg/ml Bio X Cell 1:100 

CD19 rat IgG2a 
k 

1D3 FITC 0.5 mg/ml Biolegend 1:200 

CD21/ 
CD35 

rat IgG2a 
k 

7E9 PE/ 
Cy7 

0.2 mg/ml Biolegend 1:1000 

CD23 rat IgG2a 
k 

B3B4 BV 421 0.2 mg/ml Biolegend 1:400 

CD27 arm. 
hamster 

IgG LG.3A10 biotin 0.5 mg/ml Biolegend 1:2000 

CD45 rat IgG2b 
λ 

I3/2.3 PE/ 
Cy7 

0.2 mg/ml Biolegend 1:200 

CD95 
(Fas) 

mouse IgG1 k SA367H8 PE 0.2 mg/ml Biolegend 1:1600 

Cytokeratin 
14 (K14) 

rabbit IgG EPR-
17350 

PE 0.5 mg/ml Abcam 1:5000 

Fixable 
viability 
dye  

- - - eFluor 
506 

- eBioscience 1:1000 

Fixable 
viability 
dye  

- - - Zombie 
Aqua 

- Biolegend 1:4000 

GL7 rat IgM k GL7 PE/ 
Cy7 

0.2 mg/ml Biolegend 1:800 
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IgD rat IgG2a 
k 

11-
26c.2a 

APC/ 
Cy7 

0.2 mg/ml Biolegend 1:1000 

IgG1 rat IgG RMG1-1 FITC 0.5 mg/ml Biolegend 1:100 

IgM rat IgG2a 
k 

RMM-1 PE 0.2 mg/ml Biolegend 1:200 

Strept-
avidin 

- - - PE 0.5 mg/ml BD 1:1000 

TACI/ 
CD267 

rat  IgG2ak 8F10 PE 0.2 mg/ml Biolegend 1:200 

TCR-β arm. 
hamster 

IgG H57-597 PB 0.5 mg/ml Biolegend 1:400 

Vimentin rabbit IgG EPR-
3776 

AF647 0.5 mg/ml Abcam 1:500 

 

2.1.4.3 Immunofluorescence antibodies 

Specificity Host Isotype Clone Color Concentration Company Dilution 

anti-mouse 
C3 

goat IgG poly-
clonal 

FITC 4 mg/ml MP 
Biomedicals 

1:200 

anti-mouse 
K14 

rabbit IgG EPR-
17350 

- 2.2 mg/ml Abcam 1:250 

anti-mouse 
IgG 

goat IgG poly-
clonal 

AF488 2 mg/ml Invitrogen 1:400 

anti-rabbit 
IgG 

goat IgG poly-
clonal 

AF488 2 mg/ml Invitrogen 1:400 

anti-rabbit 
IgG 

donkey IgG poly-
clonal 

AF647 2 mg/ml Invitrogen 1:400 

anti-mouse 
vimentin 

rabbit IgG EPR-
3776 

- 0.2 mg/ml Abcam 1:250 

anti-mouse 
vWFA2 

rabbit IgG1 - - unknown 
(serum) 

(Iwata et al. 
2015) 

1:1000 

Isotype 
control 
(mouse) 

mouse IgG1 k MOPC-
21 

- 2,5 mg/ml Biolegend 1:100 

Isotype 
control 
(rabbit) 

goat IgG1 poly-
clonal 

- 10 mg/ml Dianova 1:100 
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2.1.4.4 Western blot antibodies 

Specificity Host Isotype Clone Color Concentration Company Dilution 

anti-β-
actin 

rat IgG2a 
k 

W16197A - 0.5 mg/ml Biolegend 1:1000 

anti-
mouse 
Histidine 
Tag 

mouse IgG1 k J099B12 HRP 0.5 mg/ml Biolegend 1:1500 

anti-
mouse 
K14 

rabbit IgG EPR-
17350 

- 2.2 mg/ml Abcam 1:20000 

anti-
mouse 
IgG Fab 

goat - poly-
clonal 

HRP 0.8 mg/ml Dianova 1:10000 

anti-rabbit 
IgG Fc 

goat - poly-
clonal 

HRP 0.8 mg/ml Dianova 1:10000 

anti-
mouse 
vWFA2 

rabbit IgG1 - - unknown 
(serum) 

(Iwata et al. 
2015) 

1:1000 

anti-
mouse 
vimentin 

rabbit IgG EPR-
3776 

- 0.2 mg/ml Abcam 1:2500 

 

2.1.4.5 ELISA antibodies 

Specificity Host Isotype Clone Color Concentration Company Dilution 

anti-
mouse IgG 
Fc 

goat - poly-
clonal 

HRP 0.1 mg/ml Bethyl 1:10000 

 

2.1.5 Kits 

KAPA Express Extract  KAPA Biosystems/Sigma Aldrich (St. Louis, MO, 

USA) 

QIAGEN HotStarTaq Master Mix   QIAGEN (Venlo, Netherlands) 

Pierce BCA Protein Assay Kit  Thermo Scientific (Rockford, IL, USA) 

eBioscience Foxp3/Transcription   Thermo Scientific (Rockford, IL, USA) 

Factor Staining Buffer Set 

EasySep Mouse B cell Isolation Kit  STEMCELL Technologies (Vancouver, Canada) 

Mouse IgG ELISpot Basic Kit (ALP)  Mabtech (Stockholm, Sweden) 
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LEGENDplex Mouse B cell Panel  Biolegend (San Diego, CA, USA) 

(12-plex) w/VbP 

LEGENDplex Mouse B cell Panel  Biolegend (San Diego, CA, USA) 

(1-plex) w/VbP 

 

2.1.6 Markers 

ProSieve QuadColor Protein Marker  Lonza (Maine, ME, USA) 

2-Log DNA Ladder (10 kb)   New England BioLabs (Ipswich, UK) 

 

2.1.7 Enzymes 

Roche Liberase TL Research grade  Sigma Aldrich (St. Louis, MO, USA)   

DNase I (bovine pancreas grade II)  Sigma Aldrich (St. Louis, MO, USA)  

 

2.1.8 Buffers and solutions 

TBS (Tris Buffered Saline)   50 mM Tris, 150 mM NaCl, pH 7.5 

TBS-T      TBS, 0.1% Tween-20 

PBS (Phosphate Buffered Saline) 137 mM NaCl, 2.7 mM KCl, 8.1 mM Na2HPO4· 

2H2O, 1.4 mM K2PO4  

PBS-T      PBS, 0.1% Tween-20 

 

2.1.8.1 Flow cytometry 

FACS Buffer     2% FCS, PBS 

1x ACK-Buffer     150 mM NH4Cl, 10 mM KHCO3, 1 mM EDTA 

 

2.1.8.2 ELISpot 

Isolation buffer    2% FCS, 1 mM EDTA, PBS 

Antibody solution    0.5% FCS, PBS 
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Blocking solution    1% BSA, PBS 

Wash buffer I     50 mM EDTA, PBS 

Wash buffer II     0.1% Tween-20, PBS 

 

2.1.8.3 Agarose gel electrophoresis 

TAE buffer     40 mM Tris, 9.5 mM acetate, 1 mM EDTA 

4% MIDORI Green Advance   NIPPON Genetics (Düren, Germany) 

 

2.1.8.4 Lysis buffer 

NP40 lysis buffer  20 mM Tris, 137 mM NaCl, 2 mM EDTA,  

 1% Nonidet-P40 (NP40), 1x Protease Inhibitors 

(Complete Mini) 

 

2.1.8.5 SDS-PAGE 

Separating gel    6-12% acryl-bisacrylamid mix, 25% 1.5 M Tris 

      (pH 8.8), 0.1% SDS, 0.1% ammonium persulfate

      (APS), 0.04% TEMED 

Stacking gel     5% acryl-bisacrylamid mix, 12,5% 1.5 M Tris 

      (pH 6.8), 0.1% SDS, 0.1% ammonium persulfate

      (APS), 0.1% TEMED 

SDS loading buffer  0.15 M Tris, 12% SDS, 4 mM glycerol, 2 mM β-

mercaptoethanol, 0,02 µM bromphenolblue, pH 

6.8 

1x SDS Running buffer 250 mM Tris, 192 mM glycine, 0.1% SDS  
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2.1.8.6 Western blot 

1x Transfer buffer  48 mM Tris, 38 mM glycine, 0.13 mM SDS, 20% 

methanol 

5% Milk blocking buffer   TBS-T, 5% non-fat milk powder 

5% BSA blocking buffer   TBS-T, 5% BSA 

Wash buffer     TBS-T 

Developing     ECL Select Western Blotting Detection Reagent,

      GE Healthcare (Little Chalfont, UK)  

Stripping buffer 6.3% 1 M Tris (pH 6.7), 0.7 % β-mercaptoethanol, 

2% SDS 

 

2.1.8.7 ELISA 

Coating buffer     50 mM Na2CO3, 50 mM NaHCO3, pH 9.6 

Blocking buffer    4% Goat serum, 0.5% Tween-20, PBS 

Wash buffer     0.1 % BSA, 0.05% Tween-20, PBS 

 

2.1.8.8 Histology 

Xylene      Carl Roth (Karlsruhe, Germany) 

Ethanol 99.9%/96%/70%   Carl Roth (Karlsruhe, Germany) 

Gill 3 Hematoxylin    Thermo Scientific (Waltham, MA, USA) 

Eosin      0.5% Eosin (C20H6Br4Na2O5), Merck (Darmstadt, 

      Germany), 3 drops acetate 

Differentiating solution   0.1% HCl 

Xylene based mounting medium  Consul-Mount, Thermo Scientific (Waltham, MA, 

      USA) 
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2.1.9 Additional reagents 

Protease Inhibitors     Complete Mini, Sigma Aldrich (St. Louis, MO, 

      USA) 

DAPI      4′,6-Diamidine-2-phenylindole, Sigma Aldrich (St. 

      Louis, MO, USA) 

Tissue-Tek     O.C.T. Compound, Sakura Finetek (AV Alphen 

      aan den Rijn, Netherlands) 

Dako Flourescence Mounting Medium Dako – Agilent Technologies (Santa Clara, CA, 

      USA) 

AEBSF  4-(2-Aminoethyl)benzensulfonyl fluorid, Sigma 

 Aldrich (St. Louis, MO, USA) 

Collagen Type I  isolated from rat, University Hospital Heidelberg – 

Immunology 

BSA      Bovine Serum Albumin, Carl Roth (Karlsruhe, 

      Germany) 

Non-fat milk powder    Carl Roth (Karlsruhe, Germany) 

Tween-20     GERBU Biotechnik (Heidelberg, Germany) 

Agarose     Eurogentec (Lüttich, Belgium) 

Goat serum     GE Healthcare (Pasching, Austria) 

Donkey serum     GE Healthcare (Pasching, Austria) 

Triton X-100     Carl Roth (Karlsruhe, Germany) 

Lipofectamine 2000    Thermo Scientific (Waltham, MA, USA) 

BCIP/NBT-plus for ALP 5-Brom-4-chlor-3’-indolylphosphate p-toluidinsalt, 

ELISpot substrate, Mabtech (Stockholm, Sweden) 

TMB Chromogen solution 3,3’,5,5’-3,3,5,5-Tetramethylbenzidine, ELISA 

substrate, Thermo Scientific (Waltham, MA, USA) 
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2.1.10 Materials 

ELISA plates (MaxiSorp)   Thermo Scientific (Waltham, MA, USA) 

ELISpot plates   96-Well Filtration Plate MultiScreen HTS IP Sterile 

MSIP Plates, Merck Millipore (Burlington, MA, 

USA) 

Cell Culture Slides  Nunc Lab-Tek Chamber Slides, Thermo Scientific 

(Waltham, MA, USA) 

4-15% Mini-Protean TGX Precast gel Gradient gel, Bio-Rad (Hercules, CA, USA) 

BD Microlance 3 (22 G) BD Biosciences (Franklin Lakes, NJ, USA) 

 

2.1.11 Lab equipment 

Tabletop centrifuge    Hermle Z233 MK-2, Hermle Labortechnik GmbH

      (Wehingen, Germany) 

Centrifuge     Multifuge 3S-R, Heraeus (Newport, UK) 

Cryotome  CM1850 UV, LEICA (Wetzlar, Germany) 

Microtome SLIDE 2003, pfm AG (Köln, Germany) 

Microplate Reader for ELISA  Multiskan EX, Thermo Electron Corporation 

 (Waltham, MA, USA) 

ImmunoSpot Analyzer for ELISpot S6 Universal M2, ImmunoSpot (Cleveland, OH, 

USA) 

iBright Imaging System  iBright FL1000, Thermo Scientific (Waltham, CA, 

 USA) 

Invitrogen Evos 

Flow Cytometer Gallios 4L, Beckman Coulter (Sinsheim, 

Germany)  
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2.1.12 Databases 

Literature Research    Pubmed (http://www.ncbi.nlm.nih.gov/pubmed/) 

 

2.1.13 Software 

Microsoft Excel 2020    Microsoft (Redmond, WA, USA) 

Adobe Illustrator    Adobe Systems Software (Dublin, Ireland) 

iBright Analysis Software   Thermo Scientific (Waltham, CA, USA) 

Fiji (ImageJ)     Java (Rockville, MD, USA) 

GraphPad8 Prism Software   San Diego, CA, USA 

ImmunoSpot Software   Cleveland, OH, USA 

FlowJo v10 Software    BD Biosciences (Franklin Lakes, NJ, USA) 

LEGENDplex Data Analysis Software Biolegend (San Diego, CA, USA) 

 

 

2.2 Methods 

 

2.2.1 Mice 

To breed hemizygous B6.Cg-Foxp3sf/J (scurfy) offspring, female heterozygous B6.Cg-

Foxp3sf/J mice purchased from Jackson Laboratories (Bar Harbor, ME, USA) were mated with 

C57BL/6 (WT) male mice. The homozygous B6;129P2-Fcer1gtm1Rav/J (FcγR-/-) mice were 

kindly provided by Prof. Schäkel (Heidelberg University Hospital, Heidelberg, Germany). All 

mice were housed under specific pathogen-free conditions in the central animal facility of the 

Interfaculty Biomedical Faculty (IBF, University of Heidelberg, Heidelberg, Germany). All 

animal experiments were performed in accordance with the animal protocols (G-195/11, G-

202/17, G-293/21 and G-197/20) which were approved by the local animal care committee 

(Regierungspräsidium, Karlsruhe, Germany). Skin samples from Collagen type VII knock-out 

(Col7-/-) mice were kindly provided by Dr. Hiroaki Iwata (Hokkaido University, Sapporo, Japan). 
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2.2.2 Passive Transfer of monoclonal antibodies into neonatal mice 

The passive transfer of antibodies was performed on the first day of life. 0.5-1.5 mg of total 

purified monoclonal antibody H510 or the corresponding isotype control IgG1 was injected 

subcutaneously into FcγR-/- mice. 48 to 55 hours (h) after injection, the mice were sacrificed 

and the back skin, skin of extremities and tail were analyzed by histology (2.2.7) or direct 

immunofluorescence (2.2.8.1). 

 

2.2.3 Genotyping  

2.2.3.1 DNA isolation  

To identify the genotypes of scurfy and WT mice pieces of the tails were collected. DNA 

isolation was performed using the KAPA Express Extract Kit (2.1.5) according to the 

manufacturer’s instructions. 

 

2.2.3.2 Polymerase chain reaction (PCR) 

After isolation of the DNA a PCR of the samples was performed using the HotStarTaq Kit (2.1.5) 

according to the manufacturer’s protocol. To identify the mutant and WT allele two different 

primer sets (2.1.3) were used for PCR. 

 WT                       Mutant 

Tissue DNA      1 µl   1 µl 

HotStarTaq Master Mix    10 µl   10 µl 

ddH2O       5 µl   5 µl 

Coral Loading Dye     2 µl   2 µl 

100 µM FP (WT)     1 µl   -  

100 µM FP (Mutant)     -   1 µl 

100 µM Reverse Primer    1 µl   1 µl 
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The PCR cycles were performed as follows: 

Pre denaturation: 95°C 5 min  1 cycle 

Denaturation:  95°C 1 min   

Annealing:  67°C 1 min     33 cycles 

Elongation:  72°C 1 min  

Post-Elongation: 72°C 10 min  1 cycle 

Holding:  4°C       

 

2.2.3.3 Agarose gel electrophoresis 

The analysis of the PCR samples generated in 2.2.3.2 was performed using 1% agarose gels 

containing 4% MIDORI Green Advance to visualize the bands. DNA was separated for 45 min 

in TAE buffer at 120 V. DNA bands were identified using UV light in the iBright Imaging System. 

 

2.2.4 Cell experiments 

2.2.4.1 Culture of murine and human cells 

Frozen cells were thawed in a water bath at 37°C and immediately diluted with 10 ml of the 

appropriate medium. After centrifugation at 300 x g for 7 min, cell pellet was resuspended in 

medium. Cells were cultivated at 37°C in a humified 5% CO2 incubator in the appropriate media 

in T25, T75 or T175 cell culture flasks. HEK293T cells and primary murine fibroblasts were 

split every two to four days and detached with 1x Trypsin/EDTA. Primary murine keratinocytes 

were seeded in cell culture flasks which were pre-coated with collagen type I (1:1000 in PBS) 

for 1 h room temperature (RT). Keratinocytes were split every three days by gentle detachment 

with accutase. For long-term storage, 1 x 106 cells/ml were detached and centrifuged (300 x 

g, 7 min). Cell pellets were resuspended in appropriate freezing medium (700 μl medium, 200 

μl FCS, 100 μl DMSO) and immediately frozen at -80°C in an isopropanol container. 

 

2.2.4.2 Transfection of HEK293T cells 

HEK293T cells were cultured in DMEM with 10% FCS, detached and seeded in a 6-well cell 

culture plate and cultured overnight. Confluent cells were transiently transfected for 18 hours 

with Lipofectamine 2000 in a ratio of 3:1 to the plasmids for Col7 (NC1, NC2, THD) (with His-

Tags, synthesized by BioCat, Heidelberg, Germany). The transfected cells were scraped off 

with a disposable cell scraper, lysed by freeze-and-thaw and used for western blot analysis. 
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Successful expression of the proteins was checked in western blot by using anti-His-Tag 

antibody. 

 

2.2.4.3 Isolation of murine primary keratinocytes 

Primary murine keratinocytes were isolated from skin of WT neonatal mice. Reagents and 

media were purchased from CELLnTEC and the isolation was performed according to their 

protocol. Separation of epidermis from dermis was induced by incubation in dispase solution 

at 4°C overnight. Skin was split in epidermis and dermis using forceps. Epidermis was 

incubated in 500 μl accutase for 30 min RT and afterwards diluted with epithelial culture 

medium. Keratinocytes were dissolved by rubbing the epidermis with forceps and centrifuged 

at 180 x g for 5 min. Cell pellet were resuspended in epithelial culture medium and seeded in 

a density of 4 x 104 cells/cm2 in appropriated cell culture flasks which were pre-coated with 

collagen type I (2.2.4.1). 

 

2.2.4.4 Isolation of murine primary fibroblasts 

Primary murine fibroblasts were isolated from adult WT mouse ears. Ears were disinfected 

with 70% ethanol and placed in 6-well plate with 4 ml 10% DMEM (3x Pen/Strep). The ears 

were cut into very small pieces with sharp scissors and incubated with collagen type Ia (final 1 

mg/ml) at 37°C in a humified 5% CO2 incubator overnight. Cells were dissolved by pipetting 

into a 5 ml pipette until the solution became turbid. After centrifugation at 300 x g for 7 min to 

remove cell debris, the cell pellet was resuspended in 8 ml of 10% DMEM (3x Pen/Strep) and 

divided into two wells of a 6-well cell culture plate. Cells were cultured in a humified 5% CO2 

incubator at 37°C overnight before the medium was changed. Depending on growth, 

fibroblasts were cultured for one to two weeks before splitting and further culturing in a T75 

cell culture flask. 

 

2.2.4.5 Generation of cell lysates 

Confluent cells were washed with PBS and detached with a disposable cell scraper. Cell 

suspension was centrifuged at 300 x g for 7 min and resuspended in NP40 lysis buffer. Cells 

were lysed for 20 min on ice and centrifuged at 2000 x g for 10 min. Supernatant was 

transferred in a new Eppendorf tube and stored at -20°C. 
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2.2.4.6 Isolation of skin immune cells 

Skin immune cells for flow cytometry analysis were isolated from scurfy and WT ears. 2 ml 

Eppendorf tubes were prepared with 300 μl digestion mix containing RPMI, 0.5 mg/ml Liberase 

TL and 0.05 mg/ml DNase I on ice. Ears were flipped open with forceps, placed in the digestion 

mix and cut into very small pieces with sharp scissors. After 700 μl of digestion mix was added 

the samples were digested for 1 h at 37°C shaking at 750 rpm. Digestion was stopped by 

adding 100 μl of FCS to the tissue. Tubes were placed on ice and the tissue was homogenized 

through a 22 G cannula until turbid. Tissue suspension was filtered through a 40 μm cell 

strainer and washed with 30 ml FACS buffer. After centrifugation for 30 min at 400 x g cells 

could be analyzed by flow cytometry. 

 

2.2.5 SDS-PAGE 

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) was performed to 

separate and afterwards identify different proteins. 

 

2.2.5.1 Polyacrylamide Gel preparation 

Larger proteins such as Col7 (290 kDa) were separated on a 6% SDS gel. Smaller proteins 

like vWFA2 (21 kDa) were separated using a 12% SDS gel. These gels were self-made. For 

simultaneous separation of proteins with different molecular weights (transfected HEK293T 

cells with different Col7 domains) a 4-15% Mini-Protean TGX gradient gel (2.1.10) was 

purchased.  

Separating and stacking gels were prepared (2.1.8.5). Protein samples were mixed with 

denaturing 5x SDS loading buffer and boiled for 5 min at 95°C. Samples and protein marker 

were applied to the gel to determine protein sizes. Proteins were separated in 1x SDS running 

buffer (2.1.8.5) starting at 80 V for 15 min and at 120 V for 60-90 min. Afterwards the SDS-

PAGES were further analyzed using western blot. 

 

2.2.5.2 Western blot 

Proteins separated by SDS-PAGE were identified by western blot. Proteins were transferred 

to a polyvinylidene fluoride (PVDF) membrane. Wet transfer was used for large proteins (>200 

kDa) and semi-dry transfer for smaller proteins (<200 kDa). First, the membrane was activated 

with methanol and filter papers were soaked in 1x transfer buffer (2.1.8.6). The PVDF 

membrane was applied to three filter papers, the SDS gel was placed on top and again three 
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soaked filter papers were placed. The proteins were blotted at 250 mA continuously for 30 min. 

After transfer, the membrane was blocked for 1 h RT shaking with 5% milk blocking buffer. 

Dilutions for primary antibody incubation were described in 2.1.4.1 and 2.1.4.4. Antibodies 

were diluted in 5% BSA blocking buffer at appropriate dilutions and incubated with blots for      

1 h RT shaking. His-tagged proteins after transfection were detected using the anti-Histidine 

tag antibody diluted in 5% milk blocking buffer for 1 h RT shaking. Membranes were washed 3 

x with wash buffer for 5 min. Secondary antibodies were used in appropriate concentrations 

(2.1.4.4) diluted in 5% milk blocking buffer and incubated for 1 h RT shaking. After washing, 

signals were visualized with ECL-developing solution and documented using the iBright 

imaging system. 

 

2.2.6 Bicinchoninic Acid Assay (BCA) 

The concentrations of different proteins or cell lysates were evaluated using the Pierce BCA 

Protein Assay Kit (2.1.5). The assay was performed according to the manufacturer’s protocol. 

25 μl of BSA standards were pipetted in duplicates and samples were depending on the 

concentration 1:5 or 1:10 diluted in PBS. 200 μl of working solution was added to the standards 

and samples and incubated at 37°C for 30 min. Afterwards the absorption at 550 nm could be 

measured on the microplate reader and the protein concentration was obtained with help of 

the standard curve. 

 

2.2.7 Histology 

For the histological evaluation of tissue samples (blisters in skin, inflammation in spleen or 

sdLN) the samples were taken and fixed in 4% neutral buffered formalin at 4°C overnight. 

Tissue samples were dehydrated and embedded in paraffin. 2 μm sections were cut with the 

microtome and dried at 37°C overnight. To perform a hematoxylin and eosin staining (H&E 

staining) the sections were deparaffinized by xylene and rehydrated by a series of alcohols 

(99,9%, 96%, 70%). After incubation with hematoxylin (DNA, nuclei) and a short differentiation 

time the sections were washed in running tap water. After staining with eosin (proteins, 

cytoplasm) and the ascending alcohol series with final xylene, the sections were embedded in 

xylene based mounting medium. 
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2.2.8 Immunofluorescence microscopy 

2.2.8.1 Direct immunofluorescence (DIF) 

The presence of autoantibodies in the skin was determined by direct immunofluorescence 

(DIF) microscopy. Skin from neonatal mice was collected and embedded in Tissue-Tek medium 

in a cryotome at -22°C. 7 μm cryosections of the tissues were fixed in ice-cold acetone for 10 

min and blocked with 5% goat serum in TBS for 30 min before staining with secondary 

antibodies (2.1.4.3 anti-mouse C3-FITC, anti-mouse IgG-AF488) at appropriate dilutions with 

TBS for 1 h RT in a dark humidified chamber. After washing with TBS, the sections were 

embedded in Dako Fluorescence mounting medium prior to analysis. 

 

2.2.8.2 Indirect immunofluorescence (IIF) 

To observe antibody reactivity in tissues, indirect immunofluorescence (IIF) was performed on 

palatal tissue, skin, and various internal organs of WT mice. Tissue was collected, sectioned, 

fixed, and blocked as described in 2.2.8.1. The scurfy antibody H510, sera from scurfy or WT 

mice or different primary antibodies (2.1.4.3) were diluted in TBS and incubated on the sections 

for 1 h RT in a dark humidified chamber. After washing, secondary antibodies (2.1.4.3 anti-

mouse IgG-AF488, anti-rabbit IgG-AF488) were diluted appropriately in TBS and incubated for 

1 h RT. Sections were embedded as described in 2.2.8.1. 

 

2.2.8.3 Immunofluorescence on primary murine cells 

For IIF staining of isolated and cultured primary murine keratinocytes (2.2.4.3) and fibroblasts 

(2.2.4.4), cells were seeded at appropriate densities on collagen type I pre-coated (1:1000 in 

PBS) cell culture chamber slides. Confluent cells were washed with PBS and fixed with 4% 

neutral buffered formalin for 20 min. To further characterize the specific intracellular antigen 

expression in these cell types, cells were permeabilized for 10 min with 0.1% Triton X-100 in 

PBS. Cells were blocked for 10 min with 5% goat or donkey serum and then incubated with 

primary antibodies (2.1.4.3) at appropriate dilutions for 20 min. After washing with PBS-T, cells 

were blocked again and incubated with suitable secondary antibodies for 1 h RT. Cells were 

washed and DAPI staining was performed for 5 min to visualize nuclei of the cells. The 

chamber was removed and the slides were embedded with Dako Fluorescence mounting 

medium. 
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2.2.9 Peptide Competition Assay 

To further characterize the binding capacity and specificity of an antibody, the peptide 

competition assay was used. First, mAb H510, control isotype IgG1 and anti-vWFA2 were 

incubated with murine vWFA2 protein in a 1:10 ratio. The antibody-peptide mixtures were 

incubated at 4°C overnight on a rotator. The suspensions were centrifuged at 12.500 rpm for 

15 min to sediment immune complexes. The supernatant was used as primary antibody for IIF 

on WT neonatal skin (2.2.8.2). Fluorescence intensity was evaluated using ImageJ to calculate 

the mean fluorescence value for statistical analysis. 

 

2.2.10 Enzyme linked immunospot assay (ELISpot) 

Enzyme linked immunospot assays (ELISpot) were performed to detect antigen-specific IgG-

secreting B cells in scurfy mice that may be relevant for the induction of AIBD in these mice. 

ELISpot plates were first activated with 35% ethanol for 1 min and washed 5x with dH2O. Plates 

were coated at 4° overnight with three proteins that are known antigens in AIBD (vWFA2, 

BP180 c-terminal and Laminin α3). Proteins were diluted in PBS to a final concentration of 10 

μg/ml and 100 μl diluted antigen was added to the wells. Cells were harvested from the spleen 

and sdLN of 10-day-old scurfy and WT littermates. Single cell suspensions were prepared. For 

sdLN, the whole suspension was used for the assay. Three different approaches were tested 

for the splenocytes. One part of total splenocytes was taken, erythrocytes were lysed with 1x 

ACK buffer and the cell suspension was used for the assay. The other part of the splenocytes 

was used for B cell isolation using the EasySep Mouse B cell isolation Kit according to the 

manufacturer’s protocol. Purified B cells and the remaining cells (termed non-B cells) were 

then used for the ELISpot assay. After cell isolation, the ELISpot plate was washed five times 

with wash buffer II and afterwards blocked for 2 h RT with 1% BSA in PBS. After blocking the 

different cell suspensions were added to the wells at a concentration of 200.000 cells/well and 

incubated at 37°C with 5% CO2 in a humidified incubator overnight. The Mouse IgG ELISpot 

Basic Kit (ALP) was used for spot detection according to manufacturer’s instructions. To 

visualize spots, representing single antigen-specific B cells, wells were incubated with the 

chemical reagent BCIP/NBT for 10 min. Spots were counted using the ImmunoSpot Analyzer 

for ELISpots.  
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2.2.11 Enzyme linked immunosorbent assay (ELISA) 

To analyze the antigen specificity of mAb H510, Enzyme linked immunosorbent assay (ELISA) 

was performed using murine vWFA2 protein and murine laminin γ1 (kindly provided by Prof. 

Enno Schmidt – University of Lübeck), as negative control. ELISAs were performed in 96-well 

plates. Plates were coated with proteins (5 μg/well) diluted in coating buffer (50 mM 

carbonate/bicarbonate) overnight at 4°C. Wells were blocked with 4% goat blocking buffer and 

incubated with mAb H510 (5 μg/ml) for 1 h RT with shaking. Plates were washed followed by 

secondary antibody incubation (2.1.4.5) for 1 h RT shaking on an orbital shaker. After washing 

the plates were developed by 50 μl TMB chromogen solution to the wells, stopped by adding 

of 1 M sulfuric acid. Absorbance was measured at 450 nm using a microplate reader. 

 

2.2.12 Flow cytometry 

For analysis of different B cell populations in BM, spleen, sdLN and skin, single cell 

suspensions of the different tissues were prepared for staining. To isolate cells from BM, femur 

bones were removed and rinsed with ice-cold PBS using a syringe. Flushed BM was 

resuspended and filtered through a 70 μm cell strainer. After centrifugation at 400 x g for 7 min, 

erythrocytes were lysed with 1x ACK buffer and washed with FACS buffer. For spleen single 

cell suspensions, erythrocytes were also lysed with 1x ACK buffer prior to staining. Single cell 

suspensions of sdLN were taken immediately after isolation and skin immune cells were 

isolated as described in 2.2.4.6. For each staining, 1.000.000 cells were used. For background 

control, single staining, and fluorescence-minus-one (FMOs) were prepared. The Fc receptors 

of the cells were first blocked with anti-CD16/CD32 antibody for 15 min at 4°C. Cells were then 

stained with different antibodies (2.1.4.2) for 30 min at 4°C. For characterization of IgG1-

producing germinal center B cells, the cells were fixed and permeabilized with the 

FOXP3/Transcription Factor Staining Buffer Kit (2.1.5) according to the manufacturer’s 

instructions and stained afterwards. The cells were measured on the flow cytometer and data 

were analyzed using FlowJo software. The measured cells were gated as follows: doublets 

were excluded twice, lymphocyte population was gated, and then alive cells were gated from 

BM, spleen and sdLN (Figure 4 a). Due to the high number of different cell populations, skin 

immune cells (Figure 4 b) were additionally gated on CD45+ population. 
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2.2.13 LEGENDplex Assay 

To further characterize B cells in scurfy mice, the LEGENDplex B cell panel was performed to 

simultaneously analyze 13 essential biomarkers involved in B cell function, activation, and 

survival. For this assay, the fluorescence-labeled Beads A and Beads B were used to 

discriminate between the different cytokines in the flow cytometer. Serum from 18–20-day old 

scurfy mice and WT littermates was collected for analysis. Two LEGENDplex kits (2.1.5) were 

used to quantify the cytokines IL-4, IL-6, IL-17p70, IL-17A, IL-2, TNF-α, free active TGF-β1, 

IL-13, IFN-γ, BAFF, sBCMA, sCD40L and IL-10. Buffers, antibodies and standards were 

included in the kits and experiments were performed according to the manufacturer’s protocol, 

including analysis of samples and standard curves. Samples were measured using the flow 

cytometer and data were analyzed using the LEGENDplex Data Analysis Software. 

 

2.2.14 Statistical Analysis 

The experiments were analyzed using GraphPad 8 Prism Software and data are expressed as 

mean ± standard deviation (SD). For statistical analysis of peptide competition assay, ELISA, 

LEGENDplex, and flow cytometry data with only two groups, the two-tailed unpaired t test with 

Welch’s correction was used considering P-values <0.05 as significant. For ELISpot and flow 

cytometry data with more than two groups, one-way ANOVA followed by Bonferroni’s multiple 

comparisons test was used with P-values <0.05 considered significant. 

Figure 4. Gating strategy of flow cytometry data.                                   
(a) Representative example of gating strategy for murine bone marrow 
(BM), spleen and skin-draining lymph nodes (sdLN) excluding 
doublets twice, gating on lymphocytes population. Alive lymphocytes 
were gated on the negative population on fixable viability dye axes.    
(b) Representative gating strategy for murine skin. Due to the high 
amount of different cell populations in the skin, non-lymphocytic cells 
were again excluded gating on alive CD45+ cells. 
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3 RESULTS 

 

3.1 Scurfy mice show altered lymphatic organs 

Due to the missing Treg control, scurfy mice spontaneously develop several autoimmune 

diseases. Autoreactive CD4+ T cells are expanded in these mice and activate B cells, which 

produce autoreactive autoantibodies that primarily attack the skin and inner organs of these 

mice (Figure 1). To further characterize the strong immune responses in scurfy mice, a 

histological examination of lymphatic organs was necessary. Histological sections and H&E 

staining were performed on spleens and skin-draining lymph nodes (sdLN) of sick scurfy mice 

and WT littermates. The spleen of scurfy mice showed severe enlargement compared to WT 

littermates (Figure 5 a). Enlargement of the sdLN was also observed in scurfy mice (Figure 5 

b). Furthermore, a close-up of the scurfy lymph nodes revealed secondary follicles (Figure 5 

b, close-up, white mark) that were not present in the WT sdLN. 

 

 

 

Figure 5. Scurfy mice show enlarged lymphatic organs and secondary follicles in sdLN. (a) H&E 
staining of spleen of 18-day old scurfy mice and WT littermates. Scurfy mice show a strong enlargement 
of the spleen compared to WT spleen. Bar = 100 μm. (b) Representative H&E staining of skin-draining 
lymph nodes (sdLN) of 18-day old scurfy mice and WT littermates and close-up of secondary follicle. 
Scurfy mice show enlarged sdLN and apparent secondary follicles (marked by white line) compared to 
WT mice. Bar = 100 μm. 
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3.2 Scurfy mice have altered B cell populations and show 

restricted B cell maturation in lymph nodes 

Characterization of the disease leading to the scurfy phenotype revealed a primarily CD4+ T 

cell-driven pathology (Godfrey et al. 1991a; Godfrey et al. 1991b). In addition, it has been 

previously investigated that scurfy mice develop high titers of autoantibodies relevant for 

development of autoimmune blistering diseases (Hadaschik et al. 2015; Haeberle et al. 2018; 

Muramatsu et al. 2018).  

To further elucidate the contribution of B cells to disease in scurfy mice, flow cytometry (FACS) 

analysis of 18-21-day old scurfy mice and WT littermates was performed. 

Immune cells were isolated from BM, spleen and sdLN of scurfy and WT mice and used for 

FACS analysis to identify B1 and B2 B cells. Representative dot plots show the gating of B1 

and B2 B cells with the markers CD19 and B220 within the different tissues (Figure 6 a). B1 B 

cells were characterized as CD19+B220- cells, which showed no significant difference in the 

BM of scurfy mice as compared to WT littermates (Figure 6 b). Analysis of the spleen revealed 

a significantly higher frequency of B1 B cells in WT mice (Figure 6 a). In contrast, the sdLN 

showed higher frequencies of B1 B cells in scurfy mice (Figure 6 b). B2 B cells were identified 

by the double expression of CD19 and B220 (Figure 6 a). In BM and spleen, scurfy mice 

showed decreased levels of B2 B cells compared to WT mice (Figure 6 c). In contrast, no 

difference was observed in the sdLN (Figure 6 c). 

 

 

 

 

 

 

 

 

 

 



 44 

In scurfy mice, it was previously shown that the development of normal B cells in BM and 

spleen is impaired due to their Foxp3 deficiency (Riewaldt et al. 2012). 

To investigate whether the maturation of B cells in the sdLN is also affected in scurfy mice and 

to get an idea of the frequency of mature and transitional B cells in our mice, immune cells 

from BM, spleen and sdLN were analyzed by FACS. Representative dot plots show the gating 

strategy to identify mature B cells (IgD+) and transitional B cells (IgDlow) (Figure 7 a). No 

significant difference in mature and transitional B cells could be detected in BM and spleen of 

Figure 6. Scurfy mice show altered B1 and B2 B cell populations. (a) Representative dot plots 
showing alive B1 B cells (CD19+B220-) and B2 B cells (CD19+B220+) gated on alive lymphocytes in 
bone marrow, spleen, and skin-draining lymph nodes (sdLN) of scurfy mice and WT littermates.              
(b) Quantification of B1 B cells shown as percentage of CD19+B220- cells. (c) Quantification of B2 B 
cells shown as percentage of CD19+B220+ cells. Data presented as mean ± SD, one-way ANOVA 
followed by Bonferroni’s multiple comparisons test was performed (**p<0.01, ***p <0.001, ****p<0.0001, 
ns, not significant). 
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scurfy and WT littermates (Figure 7 b, c). In contrast, analysis of the sdLN revealed a strong 

decrease in mature B cell frequencies in scurfy mice compared to WT (Figure 7 b). In line, 

scurfy mice showed an increase of transitional B cells in sdLN compared to WT littermates 

(Figure 7 c).  

 

Figure 7. Scurfy mice show impaired B cell maturation in sdLN. (a) Representative dot plots 
showing alive mature B cells (IgD+) and transitional B cells (IgDlow) gated on alive CD19+B220+ cells in 
bone marrow, spleen, and skin-draining lymph nodes (sdLN) of scurfy mice and WT littermates.                 
(b) Quantification of mature B cells shown as percentage of IgD+ cells. (c) Quantification of transitional 
B cells shown as percentage of IgDlow cells. Data presented as mean ± SD, one-way ANOVA followed 
by Bonferroni’s multiple comparisons test was performed (**p<0.01, ***p<0.001, ns, not significant). 
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3.3 Spleen of scurfy mice shows impaired marginal zone 

surrounding follicles 

The splenic marginal zone (MZ) is structurally a barrier between the lymphoid and innate 

compartments (Kraal and Mebius 2006). The MZ is located around the follicles (FO) and is 

characterized by specific MZ macrophages and MZ B cells that function as defense against 

blood-borne pathogens (Martin et al. 2001; Oliver et al. 1997). 

To further investigate these structures in scurfy mice, H&E staining was performed on the 

spleens of 18-day old scurfy mice and WT littermates. Histologically, follicular structures were 

seen in both mice (Figure 8, indicated by white circles). The spleens of WT mice showed MZ 

structures surrounding the FO, which were not detected in scurfy mice (Figure 8).  

 

To analyze B cells located in the MZ and FO, spleen and sdLN were examined by FACS 

analysis. Representative dot plots showed the gating of follicular B cells (CD23+CD21+) and 

MZ B cells (CD23-CD21+) in scurfy and WT mice gated on mature IgD+ B cells (Figure 9 a). 

Quantitative analysis revealed no significant differences in the frequencies of follicular B cells 

in the sdLN and spleen of scurfy mice and WT littermates (Figure 9 b). In contrast, significantly 

lower frequencies of MZ B cells were detected in scurfy mice compared to WT mice in both 

spleen and sdLN (Figure 9 c). 

 

 

Figure 8. Histology of scurfy spleen shows altered marginal zone structures. Representative H&E 
staining of spleen of 18-day old scurfy and WT mice. Follicular (FO) structures (white circle) are 
surrounded by marginal zones (MZ) in WT mice. MZ were not visible in scurfy mice. Bar = 100 μm. 



 47 

 

3.4 Scurfy mice have elevated frequencies of memory B 

cells 

Memory B cells are known to be readily reactivated and do not require continuous antigen 

stimulation to survive (Martin and Goodnow 2002; Maruyama et al. 2000). To investigate 

whether the memory B cell compartment is altered by autoimmunity due to Treg deficiency in 

scurfy mice, FACS analysis of BM, spleen, and sdLN of sick scurfy mice and their WT 

littermates was performed. Gating of memory B cells (CD19+CD27+) was shown by 

representative dot plots of scurfy and WT mice in BM, spleen and sdLN (Figure 10 a). 

Quantitative analysis revealed significantly higher frequencies of memory B cells in BM and 

spleen of scurfy mice compared to WT mice (Figure 10 b). The memory B cell compartment in 

the sdLN was not altered in scurfy mice (Figure 10 b). 

Figure 9. Scurfy mice show impaired MZ B cell compartment in spleen and sdLN.                                  
(a) Representative dot plots showing alive follicular B cells (CD23+CD21+) and marginal zone B cells 
(CD23-CD21+) gated on mature B cells (IgD+) in spleen and skin-draining lymph nodes (sdLN) of scurfy 
mice and WT littermates. (b) Quantification of follicular B cells shown as percentage of CD23+CD21+ 

cells. (c) Quantification of marginal zone B cells shown as percentage of CD23-CD21+ cells. Data 
presented as mean ± SD, one-way ANOVA followed by Bonferroni’s multiple comparisons test was 
performed (****p<0.0001, ns, not significant). 
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Figure 10. Scurfy mice show elevated frequencies of memory B cells in bone marrow and spleen.  
(a) Representative dot plots showing alive memory B cells (CD19+CD27+) gated on alive B220+ B cells 
in bone marrow, spleen, and skin-draining lymph nodes (sdLN) of scurfy mice and WT littermates.         
(b) Quantification of memory B cells shown as percentage of CD19+CD27+ cells. Data presented as 
mean ± SD, one-way ANOVA followed by Bonferroni’s multiple comparisons test was performed 
(***p<0.001, ****p<0.0001, ns, not significant). 
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3.5 Germinal center B cells and autoantibody producing 

cells are highly increased in scurfy mice 

GC reactions are taking place in secondary lymphoid tissues, where GC B cells closely interact 

with Tfh cells (Stebegg et al. 2018). B-T cell interactions are regulated by Foxp3+ T follicular 

regulatory cells (Stebegg et al. 2018). Due to the Foxp3 mutation in scurfy mice, the 

development of GC B cells in these mice was of interest. To investigate the GC B cell 

populations in scurfy mice, immune cells of spleen and sdLN of 18-day old scurfy mice and 

WT littermates were measured by FACS and subsequently analyzed. Representative FACS 

plots show the gating strategy of GC B cells in the spleen and sdLN of WT and scurfy mice 

(Figure 11 a). Quantitative analysis revealed significantly higher frequencies of GC B cells in 

both secondary lymphoid organs in scurfy mice (Figure 11 c).  

Scurfy mice are known to develop high titers of autoantibodies that lead to severe autoimmune 

reactions in these mice, particularly of the IgG1 isotype. To further prove that GC B cells are 

involved in autoantibody production, FACS analysis of IgG1-producing GC B cells from sdLN 

and spleen was performed. Representative contour plots showed the strategy of gating 

IgG1+B220+ GC B cells (Figure 11 b). Quantitatively, this analysis showed significantly higher 

frequencies of IgG1-producing GC B cells in scurfy spleen and sdLN compared to WT 

littermates (Figure 11 d). 

FACS analysis of BM, spleen and sdLN was performed to examine plasma cells, which are the 

major producers of autoantibodies which are highly abundant in sick scurfy mice. Plasma cells 

were characterized by double expression of the specific markers CD138 and TACI (Figure 11 

e). Analysis of BM and spleen showed no significant differences in plasma cell frequency 

between scurfy and WT mice (Figure 11 f). In contrast, the sdLN of scurfy mice revealed 

significantly higher frequencies of plasma cells compared to WT littermates (Figure 11 f).  
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Figure 11. GC B cells and antibody-producing cells are frequently higher in scurfy mice.                  
(a) Representative dot plots showing alive germinal center (GC) B cells (GL7+CD95+) gated on 
CD19+B220+ B cells in spleen and skin-draining lymph nodes (sdLN) of scurfy mice and WT littermates.          
(b) Representative contour plots show gating of IgG1-producing GC B cells (IgG1+B220+) gated on 
GL7+CD95+ GC B cells. (c) Quantification of GC B cells shown as percentage of GL7+CD95+ cells.                 
(d) Quantification of IgG1-producing GC B cells shown as percentage of IgG1+B220+ cells.                        
(e) Representative dot plots show gating of plasma cells (CD138+TACI+) gated on alive lymphocytes. 
(f) Quantification of plasma cells shown as percentage of CD138+TACI+ cells. Data presented as mean 
± SD, one-way ANOVA followed by Bonferroni’s multiple comparisons test was performed (*p<0.05, 
**p<0.01, ***p<0.001, ****p<0.0001, ns, not significant). 
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3.6 Inflamed skin of scurfy mice shows elevated levels of 

B cells 

Skin pathology in scurfy mice lacking functional Treg was previously examined and showed 

thickening of the epidermis, immune infiltration in various parts of the skin, severe 

inflammation, and hyperkeratosis and erosions (Haeberle et al. 2017; Haeberle et al. 2018). 

Since scurfy mice develop autoimmune diseases leading to autoantibody induced skin 

blistering, ears were analyzed by FACS for B cell infiltration. 

Figure 12. Scurfy mice show inflamed ear skin with B cells present in the tissue.                                  
(a) Representative H&E staining of ear of 18-day old scurfy and WT mice showing strong ear thickening 
and inflammation. Bar = 100 μm. (b) Quantitative analysis of total cell numbers per two ears of 18-day 
old scurfy mice and WT littermates. (c) Representative dot plots show gating of alive CD45+ cells in 
skin immune infiltrate. (d) Quantification of alive CD45+ cells analyzed as percentage (upper plot) and 
total cell numbers per two ears (lower plot). (e) Representative dot plots indicate gating of CD19+B220+ 
B cells present in ear immune infiltrate. (f) Quantification of CD19+B220+ B cells gated on alive CD45+ 
cells as percentage (upper plot) and total cell numbers per two ears (lower plot). Data presented as 
mean ± SD, two-tailed unpaired t test with Welch’s correction was used (***p<0.001, ****p<0.0001, ns, 
not significant). 
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Performing H&E staining of the ears showed a strong thickening of the epidermis and an 

increased immune infiltrate in 18-day old scurfy mice compared to WT littermates (Figure 12 

a). For FACS analysis, ears were digested with Liberase TL and DNase I to isolate the immune 

infiltrate for staining with surface antibodies. Initially, the total cell number from two ears per 

mouse was determined to show that cell extraction and measurement was successful. 

Quantitative analysis showed no significant differences in the total number of cells extracted 

from scurfy and WT mice (Figure 12 b). By performing FACS analysis of the ears, the 

lymphocyte infiltrate was examined by staining with anti-CD45 antibody. Representative dot 

plots showed gating of live CD45+ lymphocytes from scurfy and WT ears (Figure 12 c). 

Quantitative analysis revealed significantly higher frequencies of CD45+ cells in scurfy ears 

compared to WT ears (Figure 12 d). In line, the total number of CD45+ lymphocytes per two 

ears was significantly higher in scurfy mice (Figure 12 d). To evaluate B cells present in the 

tissue, FACS analysis of CD19+B220+ B cells in the ears was performed. Representative dot 

plots indicated gating of CD19+B220+ B cells gated on alive CD45+ lymphocytes from scurfy 

mice and WT littermates (Figure 12 e). The frequency of B cells in the ears of scurfy mice was 

significantly higher compared to WT mice (Figure 12 f). In addition, the total number of B cells 

per two ears was significantly elevated in sick scurfy mice (Figure 12 f). 

 

3.7 Serum of scurfy mice contains B cell relevant 

inflammatory cytokines related to Th2 immune 

responses 

Previously, skin-infiltrating CD4+ T cells of scurfy mice were found to secrete Th2-type 

inflammatory cytokines (Haeberle et al. 2017). Since B cells are highly contributive to 

autoimmune diseases in these mice (Aschermann et al. 2013), LEGENDplex assays were 

performed to characterize cytokines in the sera of these mice that are relevant for B cell 

development, function and activation. This multiplex assay allowed simultaneous quantification 

of 13 different cytokines followed by FACS analysis. Representative gating of beads by positive 

control is shown in Figure 13. Two populations of beads were gated following cytokine 

discrimination, with fluorescently labeled A Beads and B Beads showing separate populations 

in the histogram (Figure 13 a). After gating different cytokine populations and calculating data 

based on standard curves, quantitative analysis was performed. For IL-6, IL-12p70, IL-17A, 

TGF-β1, sBCMA and sCD40L, no significant differences between scurfy and WT serum were 

observed (Figure 13 c, d, e, h, k, l). In contrast, significantly higher levels of IL-4, IL-2, TNF-α, 

IL-13, IFN-γ, IL-10 and BAFF were present in the serum of sick scurfy mice compared to WT 

littermates (Figure 13 b, f, g, I, j, m, n). 
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Figure 13. B cell-related inflammatory cytokines are present in serum of scurfy mice.                         
(a) LEGENDplex assays were performed according to the manufacturer’s protocol (Biolegend). 
Representative gating strategy of positive control (standard). Fluorescently labeled Beads A and Beads 
B were gated. Different bead populations were gated using histogram and APC plot. A Beads were 
separated in A4, A5, A6, A7, A8, A10 and B Beads in B2, B3, B4, B6, B7 and B9 to characterize the 
different cytokines according to the fluorescence signal. (b-n) Quantitative analysis of different B cells 
relevant cytokines in serum of 18-21-day old scurfy mice and WT littermates. Data presented as mean 
± SD, two-tailed unpaired t test with Welch’s correction was used (**p<0.01, ***p<0.001, ****p<0.0001, 
ns, not significant). 
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3.8 Scurfy mice develop AIBD-related antigen-specific B 

cells 

Scurfy mice produce high titers of autoantibodies due to their lack of regulatory mechanisms 

(Figure 1). Haeberle et al. recently demonstrated that scurfy mice have autoantibodies present 

in their serum that are specific against known AIBD antigens. Performing IIF microscopy of 

serum from scurfy mice and WT littermates, linear staining along the BMZ became visible with 

scurfy serum (Vicari 2019, Master thesis). 

To further elucidate the pathological mechanisms leading to BMZ-specific autoantibodies, 

ELISpot assays were used to identify antigen-specific B cells in the spleen and sdLN of 18-

day old scurfy mice and WT littermates. B cells were isolated from scurfy and WT spleens. 

200.000 cells per well of total splenocytes (spleen), isolated B cells (B cells), cells remaining 

after isolation (non-B cells) and total sdLN cells were collected for ELISpot assay. Antigen 

specificity was tested on murine vWFA2 protein, Laminin α3 and BP180 c-terminal protein, 

which are relevant to human forms of AIBD. After spot detection, plates were analyzed on a 

dedicated ELISpot reader, quality control was performed and data were quantitatively 

analyzed. Representative images of an ELISpot assay with murine vWFA2 protein, Laminin α3 

and BP180 c-terminal protein showed positive spots for spleen, B cells and sdLN of scurfy 

mice in contrast to non-B cells and WT mice where almost no spots were detectable (Figure 

14 a, c, e). Quantitative analysis revealed significantly more spots in the spleen compared to 

non-B cells of the spleen and WT spleen for all AIBD antigens (Figure 14 b, d, f). In addition, 

significantly more spots were detected in the sdLN of scurfy mice compared to WT mice for all 

AIBD antigens (Figure 14 b, d, f). 
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Figure 14. Treg deficiency in scurfy mice leads to AIBD-related antigen-specific B cells in spleen 
and sdLN. (a) Representative pictures of Enzyme linked immunospot (ELISpot) assay on vWFA2 
protein with different cell populations of 18-day old scurfy mice and WT littermates. (b) Quantitative 
analysis of ELISpot assay with vWFA2. (c) Representative images of ELISpot assay on Laminin α3 
protein with different cell populations of 18-day old scurfy mice and WT littermates. (d) Quantitative 
analysis of ELISpot assay with Laminin α3. (e) Representative pictures of ELISpot assay on BP180 c-
terminal protein with different cell populations of 18-day old scurfy mice and WT littermates.                        
(f) Quantitative analysis of ELISpot assay with BP180 c-terminal. Data presented as mean ± SD, one-
way ANOVA followed by Bonferroni’s multiple comparisons test was performed (*p<0.05, **p<0.01,   
***p<0.001, ****p<0.0001). 
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3.9 Isolated scurfy autoantibody H510 targets antigen 

expressed in lower BMZ 

To gain further insight into the disease mechanisms leading to AIBD through loss of Treg 

function, spontaneously developed autoantibodies in scurfy mice were investigated. 

Splenocytes from sick scurfy mice were harvested and fused with myeloma cells to generate 

antibody-producing hybridoma cells (Haeberle et al. 2018). After positive selection, the murine 

monoclonal antibody (mAb) H510 was isolated. The following experiments were performed 

with purified mAb H510, which was generated and purified by an external company (Absolute 

Antibody, UK).  

IIF microscopy was performed on WT salt-split skin to further characterize the binding capacity 

of mAb H510 and the localization of the target antigen in the skin. Salt-split assay with H510 

could previously show linear staining along the dermal side of the BMZ in WT skin (Vicari 2019, 

Master thesis). Due to binding of H510 to WT skin and palate (Vicari 2019, Master thesis), 

next, the binding capacity of H510 was tested on several different WT organs including other 

organs with stratified epithelia by IIF microscopy, which indicated a specific linear staining 

pattern along the BMZ on esophagus but not on other organs as the stomach (Table 1, Figure 

15). 

 

Table 1. Indirect immunofluorescence with H510 on different tissues.  
(Table was modified published in Vicari et al. 2021) 

 

 

 

 

 

 

  

 

 

 

WT tissue IIF with H510 

skin + 

eye - 

palate + 

esophagus + 

stomach - 

duodenum - 

small intestine - 

colon - 

liver - 

lung - 

kidney - 

bladder - 

Abbreviations: IIF, indirect immunofluorescence; WT, wildtype 



 57 

 

 

 

 

 

 

 

 

 

 

 

 

Due to the skin specificity of mAb H510 in IIF, the expression of the target antigen in 

keratinocytes and fibroblasts was investigated. Primary murine keratinocytes were isolated 

from WT neonatal skin and cultured for one week before use. Primary murine fibroblasts were 

isolated from WT ears and also cultured for one week. The purity of both cell types was 

checked by expression of the marker K14 for keratinocytes and vimentin for fibroblasts. 

Representative dot plots showed gating of keratinocytes and fibroblasts with K14+ and 

vimentin+ cells pre-gated on alive cells (Figure 16 a). Quantitative analysis revealed positive 

K14 staining on murine keratinocytes and positive vimentin staining on fibroblasts (Figure 16 

b, c). Additionally, western blot analysis was performed on lysed keratinocytes and fibroblasts 

showing positive signal for K14 on keratinocytes and positive signal for vimentin on fibroblasts 

(Figure 16 d). Using IIF microscopy, it could be already demonstrated that the mAb displayed 

an intracellular binding pattern in murine keratinocytes but not in fibroblasts (Vicari 2019, 

Master thesis). To further study the specific expression of the antigen only in keratinocytes, 

both cell types were fixed and permeabilized for IIF co-staining with cell specific markers. Cells 

Figure 15. mAb H510 targets antigen along dermal-epidermal junction. Representative IIF staining 
on WT esophagus and stomach with mAb H510 (upper panel) and comparable IIF staining with control 
IgG1 (lower panel). Bar = 100 μm (left panel is shown as published in Vicari et al. 2021). 
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were stained with mAb H510 or control IgG1 and anti-K14 and anti-Vimentin antibodies (Figure 

17). Co-staining of murine keratinocytes revealed positive co-staining with K14 and H510 

(Figure 17 a). In contrast, co-staining on murine fibroblasts showed positive staining for 

vimentin but no signal with mAb H510 (Figure 17 b). 

 

 

 

 

Figure 16. Isolated primary murine keratinocytes and fibroblasts are highly purified.                        
(a) Representative dot plots of isolated primary murine keratinocytes (pmK) and primary murine 
fibroblasts (pmF) showed gating of K14+ cells and vimentin+ cells gated on alive cells. (b) Quantitative 
analysis of pmK and pmF after one week of culture shown as percentage of K14+ cells gated on alive 
cells. (c) Quantitative analysis of pmK and pmF after one week of culture shown as percentage of 
vimentin+ cells gated on alive cells. (d) Western blots on lysed pmK and pmF with anti-K14 antibody 
and anti-vimentin antibody. β-actin was used as control for total loaded protein. Data presented as 
mean ± SD, two-tailed unpaired t test with Welch’s correction was used (***p<0.001, ****p<0.0001). 
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Figure 17. Binding pattern of mAb H510 is co-localized with K14 in murine keratinocytes. (a) IIF 
staining on fixed and permeabilized primary murine keratinocytes after one week of culture. Co-staining 
was performed with mAb H510 (green) or control IgG1 (green) and anti-K14 (red) or anti-Vimentin (red) 
antibody showing positive co-staining (yellow) with H510 and anti-K14. (b) IIF staining on fixed and 
permeabilized primary murine fibroblasts after one week of culture. Co-staining was performed with 
mAb H510 (green) or control IgG1 (green) and anti-K14 (red) and anti-Vimentin (red) antibody showing 
no co-staining with H510 and anti-Vimentin. Bar = 100 μm. 
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3.10 Pathogenic autoantibody H510 targets murine 

vWFA2 of Col7 

We could previously prove that mAb H510 is pathogenic: Intradermal injection of mAb H510 

into WT neonatal mice revealed subepidermal blister formation in the skin specifically induced 

by this autoantibody (Vicari 2019, Master thesis). Based on the binding of mAb H510 to the 

dermal side of the BMZ, Col7, which is located dermally and is the known antigen in the human 

disease EBA, was considered as a possible antigen. As a first approach, a peptide competition 

assay was performed to test whether H510 binds to murine Col7. H510, anti-vWFA2 as a 

positive control and control IgG1 as a negative control were incubated with murine vWFA2 

protein and then used for IIF (Figure 18 a). IIF microscopy with antibodies alone showed linear 

staining for anti-vWFA2 and H510 (Figure 18 b, upper panel). After incubation with murine 

vWFA2 protein, no linear staining for anti-vWFA2 and H510 was detected (Figure 18 b, lower 

panel). Quantitative analysis of peptide competition staining revealed a significantly lower 

binding capacity of both antibodies to murine skin after incubation with vWFA2 (Figure 18 c). 

 

 

 

 

 

 

 

 

 

 

 

Figure 18. Binding of H510 was blocked after incubation with vWFA2 protein. (a) Schematic 
illustration of peptide competition assay. Antibody was incubated with murine vWFA2 protein and used 
for IIF microscopy (created with BioRender). (b) IIF staining with anti-vWFA2, and H510 on WT 
neonatal skin (upper panel) showed linear staining. IIF staining with anti-vWFA2 and H510 after 
incubation with vWFA2 protein (lower panel) showed inhibited binding. Bar = 100 μm. (c) Quantitative 
analysis of fluorescence intensity in IIF displayed as mean fluorescence value before and after peptide 
competition. Data presented as mean ± SD, two-tailed unpaired t test with Welch’s correction was used 
(***p<0.001, ns, not significant) (Figures b and c are shown as published in Vicari et al. 2021). 
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To verify that mAb H510 binds to murine Col7 in the skin, skin from Col7 knock-out (Col7-/-) 

mice was used. First, IIF microscopy was performed to further characterize the specific binding 

in skin. In addition to skin from Col7-/- mice, skin from WT mice was used as a positive control 

for IIF with mAb H510, anti-mouse IgG1 (mIgG1), anti-vWFA2, and anti-rabbit IgG1 (rIgG1). 

IIF on WT skin showed linear staining along the DEJ for H510 and anti-vWFA2 (Figure 19 a, 

upper panel). In contrast, no staining along the DEJ was detected on Col7-/- skin with H510 

and anti-vWFA2 (Figure 19 a, lower panel). Western blot analysis was used to confirm this at 

the protein level. Skin lysate from WT and Col7-/- mice was taken and western blots were 

analyzed with H510, anti-vWFA2 and control IgG1. A positive band was detected for WT skin 

with H510 and anti-vWFA2, but not in Col7-/- skin lysate (Figure 19 b). 

Col7 is a large structural protein of the skin which consists of a non-collagenous domain 1 

(NC1) including vWFA2, an NC2 domain and a triple-helical domain (THD) (Figure 19 c). To 

further specify which part of Col7 is specifically targeted by mAb H510, HEK293T cells were 

transfected. After successful expression of murine NC1, NC2 and THD in HEK293T cells, the 

cells were lysed and used for western blot analysis. An anti-His-tag antibody was used to prove 

the expression of the three different domains targeted by a histidine-tag (Figure 19 c). Western 

blot analysis using H510 and anti-vWFA2 yielded a distinct band at 138 kDa for NC1 domain 

and not for NC2 or THD (Figure 19 c). In addition, western blot analysis of vWFA2 protein with 

H510 and anti-vWFA2 showed a positive signal at 21 kDa (Figure 19 d). For additional 

verification, ELISA was performed with vWFA2 protein and Laminin γ1 protein as a negative 

control. H510 showed significantly higher binding to vWFA2 protein in the ELISA (Figure 19 e). 
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Figure 19. mAb H510 recognizes murine vWFA2 of Col7. (a) IIF staining on WT skin (upper panel) 
and Col7 knock-out (-/-) skin with mAb H510, anti-vWFA2, control mouse IgG1 (mIgG1) and rabbit IgG1 
(rIgG1). Linear staining of H510 and anti-vWFA2 was not visible in Col7-/- skin. Bar = 100 μm.                   
(b) Western blot analysis with lysate of WT skin and Col7-/- with H510, anti-vWFA2 and control IgG1. 
(c) Schematic illustration of α-chain of Col7 (NC1/2, Non-collagenous domain 1/2; FNIII(1-9), 
fibronectin-like domains; THD, triple-helical domain; CMP, cartilage-matrix-protein-like domain; vWFA2, 
von-Willebrand-Factor-A-like domain 2). (d) Western blot analysis on HEK293T cells expressing murine 
THD, NC1 and NC2. (e) Western blot analysis with murine vWFA2 protein. (f) ELISA with mAb H510 
on murine vWFA2 and Laminin γ1 protein as negative control. Data presented as mean ± SD, two-
tailed unpaired t test with Welch’s correction was used (***p<0.001) (Figures a-e are shown as 
published in Vicari et al. 2021). 
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3.11 Pathologic mechanism of H510 is independent of 

inflammatory immune cells 

To investigate how the autoantibody H510 is able to induce a pathogenic blister formation in 

WT neonatal mice by targeting the murine vWFA2 of Col7, the contribution of the complement 

system was analyzed. Complement activation is known to be involved in the pathological 

mechanism leading to the disease EBA in humans (Koga et al. 2018; Mihai et al. 2018). 

Considering complement activation by the autoantibody H510, DIF microscopy of skin samples 

from H510-injected mice was performed. Anti-mouse complement 3 antibody (anti-C3) was 

used to detect complement deposition along the DEJ (Figure 20). Compared to DIF staining 

with anti-mouse IgG1 antibody to detect H510 in the skin, no linear fluorescence could be 

detected for C3 staining in representative sections (Figure 20 a). Summary of all experiments 

performed showed deposition of H510 along the DEJ in six out of eight injected mice, but no 

C3 deposition was visible (Figure 20 b). 

Considering the pro-inflammatory form of EBA, leukocyte extravasation occurs and FcγR are 

activated by anti-Col7 antibodies resulting in tissue damage (Koga et al. 2018). To get further 

insights into the mechanism of blister formation by H510 and whether immune cells are 

involved, neonatal FcγR knock-out (FcγR-/-) mice were injected with H510 or the 

corresponding control IgG1 (Figure 21 a). After 48 h, mice were sacrificed and the skin was 

collected and embedded in paraffin (Figure 21 a). To examine the skin for blister formation, 

H&E staining was performed on paw skin sections and back skin sections. Subepidermal 

blistering was observed in the paw skin of FcγR-/- mice injected with H510 but not with control 

IgG1 (Figure 21 b). In summary, subepidermal split formation was found in the skin of the 

majority of H510-injected mice (Figure 21 c). Furthermore, linear deposition of H510 along the 

Figure 20. Complement 3 is not present along the DEJ after H510 injection. (a) Direct 
immunofluorescence (DIF) of WT neonatal skin after injection of H510 with murine anti-C3 antibody 
(left) and anti-IgG1 antibody (right) showed no linear staining for C3 staining but linear staining of IgG1. 
(b) Summary of C3 staining and DIF of neonatal WT mice injected with mAb H510. (Figure is shown as 
published in a modified version in Vicari et al. 2021). 
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DEJ in the skin of injected FcγR-/- mice was detected by DIF microscopy (Figure 21 d). All 

mice injected with H510 showed linear staining along the DEJ by DIF microscopy, in contrast 

to control IgG1-injected mice (Figure 21 e). 

 

 

Figure 21. H510 induces subepidermal blisters independently from immune cells. (a) Schematic 
overview of experimental setup. Subcutaneous injection of mAb H510 or murine control IgG1 in neonatal 
Fcγ-receptor knock-out mice (FcγR-/-) mice. After 48 h, mice were sacrificed, skin was taken and 
embedded in paraffin (created with BioRender). (b) Histology of paw skin of injected FcγR-/- neonatal 
mice showed subepidermal blister formation. (c) Summary of blister formation in skin of FcγR-/- neonatal 
mice which were injected with mAb H510 or control IgG1 showed blister in 6 of 8 H510-injected mice. 
(d) Direct immunofluorescence (DIF) of back skin of injected FcγR-/- neonatal mice revealed linear 
staining along dermal-epidermal junction. (e) Summary of DIF analysis showed linear staining in 8 of 8 
H510-injected mice. Bar = 100 μm. 
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4 DISCUSSION 

 

4.1 Treg deficiency leads to altered B cell compartment in 

scurfy mice 

Scurfy mice develop several autoimmune diseases due to their dysfunction in Treg resulting in 

an expansion of autoreactive CD4+ T cells (Figure 1). These potent spontaneous autoimmune 

responses result in high numbers of immune cells circulating in lymphoid organs and causing 

tissue inflammation. Scurfy mice show severe enlargement of the spleen and lymph nodes, 

resembling autoimmune responses in secondary lymphoid organs.  

Treg deficiency in scurfy mice leads to high titers of autoantibodies and the development of 

AIBD (Hadaschik et al. 2015; Haeberle et al. 2018; Muramatsu et al. 2018). Therefore, the 

contribution of B cells getting activated by autoreactive CD4+ T cells and their production of 

autoantibodies was further investigated. FACS analysis was performed to screen for B cell 

subsets in 18-21-day old scurfy mice at different developmental stages in BM, spleen and 

sdLN. Scurfy mice developed higher frequencies of innate B1 B cells in the sdLN compared to 

WT littermates. B1 B cells have been shown to rapidly respond to non-specific inflammatory 

stimuli by migrating to secondary lymphoid tissues and differentiating into antibody-producing 

cells (Morris et al. 2019). Additionally, a potential pathogenic role of B1 B cells in autoimmune 

diseases such as SLE or multiple sclerosis has recently been described (Morris et al. 2019) 

suggesting a possible contribution to disease progression in scurfy mice.  

Compared to WT littermates, fewer B2 B cells were found in the BM and spleen of sick scurfy 

mice. Consistent with previous studies, Treg deficiency in scurfy mice results in impaired B cell 

development in BM and spleen (Riewaldt et al. 2012), whereas B2 B cell frequencies in sdLN 

were comparable to WT mice. Further analysis of B cell maturation revealed no differences in 

the frequencies of mature or transitional B cells in BM and spleen between scurfy and WT 

mice. In contrast, analysis of the sdLN revealed a lower percentage of mature B cell 

populations in scurfy mice compared to WT littermates. Several studies described defective B 

cell development in scurfy mice, while others indicated residual B lymphopoietic activity at least 

in the BM (Leonardo et al. 2010; Riewaldt et al. 2012) consistent with these data. These 

discrepancies within early B cell lymphopoiesis could be due to differences in the microbiome 

of scurfy mice and variations in the kinetics of spontaneously developed autoimmune disease 

(Riewaldt et al. 2012). 
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Within the secondary lymphoid organs, follicular aggregates of B cells are visible, which in 

healthy conditions are present as primary lymphoid follicles with quiescent B cells (Matsuno et 

al. 2010). After challenge with antigen, GC with surrounding mantle zone form secondary 

lymphoid follicles (Matsuno et al. 2010). Histology of the sdLN and spleen of scurfy mice 

showed increased follicle formation, indicating ongoing immune and GC responses. 

Surprisingly, follicular B cell populations in spleen and sdLN of scurfy mice were not altered 

compared to WT littermates. Histology of the spleen of scurfy mice revealed altered MZ 

structures in contrast to the visible MZ surrounding follicles in WT mice. Consistent with this, 

FACS analysis indicated significantly decreased levels of MZ B cells in both spleen and sdLN 

of scurfy mice. Innate-like MZ B cells are known to be activated T cell-independently following 

antibody production and expansion of these cells has been demonstrated in several 

autoimmune mouse models (Hoffman et al. 2016; Palm and Kleinau 2021). However, the 

impaired MZ B cell compartment in scurfy mice may indicate that at this stage of disease 

severity, pathogenic autoantibodies are already produced and MZ B cell function is no longer 

essential for disease progression (Palm et al. 2016; Wither et al. 2000).  

Within GC reactions, Tfh cells interact with B cells resulting in B cell proliferation and 

differentiation into memory B cells or antibody-producing plasma cells (Shlomchik and Weisel 

2012). Similar to the elevated secondary follicle formation in scurfy mice, significantly higher 

levels of GC B cells were found in the sdLN and spleen in line with the increased number of 

autoreactive T cell populations that develop as a result of Treg defect. In addition, FACS 

analysis revealed that GC B cells of scurfy mice produce elevated levels of IgG1 antibodies 

explaining the increased autoantibody titers present in scurfy mice attacking structures as skin 

proteins, DNA or platelets (Aschermann et al. 2013; Huter et al. 2010; Yilmaz et al. 2019). 

Furthermore, scurfy mice showed higher frequencies of memory B cells in the BM and spleen 

and elevated levels of plasma cells in the sdLN compared to their WT littermates. Due to 

antigen-mediated crosslinking of IgG on membranes, memory B cells have been shown to 

have a lower threshold for activation, resulting in fast differentiation into antibody-secreting 

plasma cells (Deenick et al. 2013; Vitetta et al. 1991). Besides, memory B cells resemble 

strong APCs comparable to DCs, which appears to be important for chronic phases of 

autoimmune responses (Hofmann et al. 2018). These results suggest that scurfy mice have 

increased levels of memory B cell in the BM and spleen that differentiate into plasma cells that 

reside the sdLN and produce skin-specific autoantibodies, leading to autoimmune skin 

disease.  

Cytokine secretion plays a major role in B cell-mediated autoimmune diseases. As Treg 

deficiency in scurfy mice leads to Th2-driven immune responses in the skin (Haeberle et al. 

2017), the contribution of cytokines to B cell development, activation and survival was further 

investigated using multiplex FACS analysis of scurfy and WT serum. In conclusion, the 
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expansion of cytokines produced by Th2-primed Be-2 cells was confirmed, showing higher 

levels of IL-4, IL-2, IL-13 and TNF-α in the serum of scurfy mice. In particular, IL-4 and IL-6 

play important roles in B cell proliferation and survival (Rush and Hodgkin 2001; Van Snick 

1990), explaining the elevated levels of autoreactive memory B cells or plasma cells promoting 

AIBD in scurfy mice. In addition, IFN-γ levels were highly increased in scurfy mice enhancing 

inflammatory responses. Although IFN-γ produced by Th1-primed cells has been shown to 

inhibit B cell responses and IgG1 secretion, this mechanism does not affect resting B cells 

(Abed et al. 1994; Bradley et al. 1996; Kawano et al. 1994). The large increase of BAFF levels 

in scurfy serum enhances B cell overactivation, which has been reported to be involved in 

autoimmune diseases and essential for autoantibody production (Darce et al. 2007; Groom et 

al. 2007), indicating the importance of B cells for disease progression in scurfy mice. 

Unexpectedly, IL-10 levels were significantly higher in scurfy serum. Breg have been reported 

to produce IL-10 for regulation of inflammation and reduction of autoimmunity (Rosser et al. 

2014) by conversion of CD4+ T cells into Treg (Chen et al. 2003). Since scurfy mice suffer from 

Foxp3 mutation and therefore lack functional Treg, IL-10 production by B cells could be a 

potential counter-regulatory mechanism to try to dampen the strong autoimmune reactions. 

Increased Breg levels have been investigated in BP patients (Maglie et al. 2023). However, it 

has been reported that Breg have inflammatory capabilities rather than regulatory functions 

due to the secretion of IFN-γ, IL-4 and TNF-α instead of expected IL-10 production (Liu et al. 

2018). Further analysis of Breg in scurfy mice would be interesting to characterize the onset 

of AIBD and possible regulatory mechanisms replacing missing Treg control.  

Consistent with the results in scurfy serum, BAFF levels were also shown to be upregulated in 

BP patients (Asashima et al. 2006; Qian et al. 2014), confirming the development of AIBD in 

this mouse model and the similarity of disease mechanisms important for future studies. 

Further analysis of the skin pathology that develops due to Treg deficiency revealed that scurfy 

mice suffer from strong inflammation, immune cell infiltration, erosions, and skin blistering 

(Haeberle et al. 2017; Haeberle et al. 2018). FACS analysis indicated the presence of B cells 

in the skin of scurfy mice. Skin-infiltrating B cells have previously been studied in chronic 

inflammatory autoimmune diseases (Nagel et al. 2009). A mouse model of skin inflammation 

showed heterogenous populations of skin-resident B cells characterized by co-expression of 

IgM and CD11b and increased expression of MHC class II, CD1 and CD80/86, which are 

important for T cell activation (Geherin et al. 2012). Increased frequencies of B cells in the skin 

of scurfy mice suggest a potential accumulation of antibody-secreting cells at the site of 

inflammation. These B cells may be able to release autoantibodies locally to enhance disease 

progression in the skin (Geherin et al. 2012). Further characterization of skin-resident B cells, 

which develop under impaired central tolerance leading to autoimmune disease in scurfy mice, 

will help to identify potential targets to prevent strong inflammatory responses in tissues. 
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4.2 Scurfy mice develop antigen-specific B cells relevant 

for AIBD onset 

B cell responses are frequently studied to elucidate mechanisms in various antibody-mediated 

autoimmune diseases (Shlomchik 2008). It has been reported that up to 20% of mature B cells 

are capable of binding self-antigens (Meffre and Wardemann 2008). Mice are protected against 

autoimmune diseases by deletion of B cells with high affinity against self-antigens or by lack 

of T cell help (Taylor et al. 2012). Analysis of antigen-specific B cells describes the binding of 

BCR to a specific antigen (Boonyaratanakornkit and Taylor 2019), resulting in autoantibody 

production and potential autoimmunity. Haeberle et al. recently demonstrated that scurfy mice 

develop skin-specific autoantibodies in their serum attacking AIBD-related antigens. Therefore, 

the localization and quantification of antigen-specific B cells in sick scurfy mice was further 

investigated. ELISpot assays were performed with three proteins related to different forms of 

AIBD and B cells from spleen and sdLN of scurfy mice and WT littermates. Of note, ELISpot 

assays require antibody-secreting B cells, as the assay detects antibodies produced by a 

single antigen-specific B cell per spot (Boonyaratanakornkit and Taylor 2019; Saletti et al. 

2013). B cells isolated from the spleen of scurfy mice showed significantly more specific B cells 

against vWFA2, Laminin α3 and BP180 c-terminal domain compared to WT littermates. Non-

B cells as a negative control confirmed significant B cell binding in this assay. Compared to the 

spleen, more antigen-specific B cells were detected from the sdLN. This indicates a stronger 

autoimmune response within the sdLN of scurfy mice, which is in line with the increased 

plasma cell levels in lymph nodes that produce skin-specific autoantibodies resulting in AIBD 

development. In pemphigus vulgaris patients, Desmoglein 3-specific B cell populations in 

peripheral blood have been reported to contribute to disease progression (Pollmann et al. 

2019). Therefore, additional studies of antigen-specific autoreactive B cells in AIBD will provide 

further insight into mechanistic processes and potential therapeutic targets for treatment at 

early time points prior to antibody production.  

 

4.3 Injection of autoantibody H510 mimics EBA in mice 

To focus on the onset of AIBD in scurfy mice, which develop multiple autoimmune diseases 

simultaneously, hybridomas were generated using scurfy splenocytes to produce monoclonal 

antibodies for further analyses (Haeberle et al. 2018). Several antibodies were isolated and 

tested for skin specificity using IIF microscopy. Moreover, one of these spontaneously 

developed autoantibodies against BP230 was shown to be pathogenic in vivo, leading to the 

development of AIBD in scurfy mice (Haeberle et al. 2018). As this observation can be regarded 
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as “proof-of-principle” that uncontrolled activation of autoreactive CD4+ T cells can finally lead 

to autoantibody-mediated AIBD with a clearly defined autoantigen, further pathogenic 

autoantibodies were isolated and screened. One spontaneously generated mAb (H510) was 

successfully isolated and purified.  

First, mAb H510 was tested in IIF on salt-split murine palate, as it is the gold standard for 

diagnosis of AIBD (Gammon et al. 1990), revealing binding of H510 to the blister floor (Vicari 

2019, Master thesis). In addition, binding of H510 to the BMZ of esophageal epithelium was 

detected. These results suggest that H510 targets its antigen in the lower L. lucida, excluding 

potential antigens at the blister roof such as BP230, relevant for human BP (Goletz et al. 2017; 

Thoma-Uszynski et al. 2004). By performing IIF microscopy on primary murine keratinocytes 

and fibroblasts, antigen expression in skin cells was examined. Co-staining on both cell types 

with mAb H510, anti-K14 and anti-vimentin indicated antigen expression of H510 in primary 

murine keratinocytes but not in fibroblasts. 

Previous experiments showed that injection of H510 in WT neonatal mice induced a 

pathogenic subepidermal blister formation in the skin (Vicari 2019, Master thesis). However, 

H510 was only able to induce microscopic blistering. In mouse immunization experiments with 

different autoantibodies involved in AIBD, macroscopic blisters were detected suggesting 

difficult accessibility of the autoantigen and binding of H510 to a small epitope (Ludwig et al. 

2011; Pollmann and Eming 2017; Vorobyev et al. 2015).  

Since binding of H510 to the dermal side of the DEJ implies a target antigen in the lower L. 

lucida, Col7 was considered as a possible autoantigen, which is the target in the human 

disease EBA. As a first approach, a peptide competition assay with H510 and the murine 

vWFA2 protein, which is part of the NC1 domain of Col7, showed a significant blocking of the 

antibody binding capacity after protein incubation. Western blot analysis, IIF microscopy and 

ELISA using skin from Col7-/- mice and vWFA2 protein confirmed the specific binding of mAb 

H510 to vWFA2 of Col7, which had developed spontaneously under Treg deficiency in scurfy 

mice. 

 

In an experimental model of EBA, it was previously reported that depletion of Treg did not affect 

the production of anti-Col7 autoantibodies (Chen et al. 2006). The authors concluded that the 

development of autoimmunity against Col7 is independent of Treg function. However, the 

discrepancy with our results may be explained by the fact that this study used Treg depletion 

by anti-CD25 antibodies. Since CD25 is an activation marker for T cells, depletion via CD25 

targets Treg as well as activated conventional effector T cells (Li et al. 2015). Nevertheless, 

Treg depletion is never as complete as in scurfy mice lacking functional Treg due to a missense 

mutation in the Foxp3 gene, the major factor for Treg function. 
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H510 belongs to the IgG1 subclass and thus shares this feature with circulating autoantibodies 

against Col7 in EBA patients which mainly belong to the IgG1 and IgG4 subclasses (Bernard 

et al. 1991; Mooney and Gammon 1990). This allows a translational connection between the 

disease in EBA patients and our EBA mouse model for further mechanistic insights and the 

development of IgG subclass-specific immunotherapies (Sitaru 2007). The dominant part of 

Col7 attacked by pathogenic autoantibodies in almost all EBA patients is the NC1 domain 

containing the vWFA2 (Chen et al. 1997; Gammon et al. 1993; Komorowski et al. 2013). 

Moreover, vWFA2 has been shown to be the binding site for type I Collagen, Laminin 332, and 

a β1-Integrin, thereby ensuring the stability of the BMZ in the skin (Gebauer et al. 2020; Villone 

et al. 2008). The pathogenicity of autoantibodies against vWFA2 was demonstrated after 

immunization experiments in mice, strengthening the potential impact of H510 for further 

elucidation of the pathological mechanism leading to disease onset in human EBA (Iwata et al. 

2013).  

 

4.4 H510 induces skin blistering independent from 

inflammatory immune cells 

As the injection of mAb H510 mimics the human disease EBA, it is interesting to further dissect 

the mechanism leading to pathogenic blister formation. It has been previously investigated that 

the complement system is involved in pathogenic mechanisms leading to the severe blistering 

disease EBA in patients (Koga et al. 2018; Mihai et al. 2018). Due to the lack of C3 deposition 

along the DEJ after in vivo experiments with H510, a contribution of complement C3 to 

pathogenic blister formation could be excluded. Considering the most common form of EBA 

induced by inflammatory tissue damage, extravasation of leukocytes to the DEJ occurs 

following FcγR activation on neutrophils by anti-Col7 antibodies (Figure 3) (Koga et al. 2018). 

Injection of mAb H510 into FcγR-/- mice resulted in subepidermal blister formation in the skin 

of the majority of injected mice, indicating a pathological mechanism independent of 

inflammatory immune cells.  

In previous studies, several experimental models have demonstrated a pathogenic capacity of 

anti-Col7 antibodies in vivo (Kasperkiewicz et al. 2016; Ludwig 2012). Transfer of rabbit-anti-

mouse Col7 IgG antibodies, representing a mouse model for EBA, indicated the development 

of inflammatory EBA (Kasperkiewicz et al. 2016; Sitaru et al. 2005; Vorobyev et al. 2015). 

These mouse models are mainly characterized by inflammation-triggered blister formation 

through activation of neutrophils via FcγR-mediated pathways (Kasperkiewicz et al. 2012; Yu 

et al. 2010). Of note, depletion of Treg in this mouse model led to excessive skin inflammation 

and blistering (Bieber et al. 2017).  
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As the pathogenic mechanism of H510 appears to be independent of inflammation, the 

injection experiments represent a mouse model for the classical/mechano-bullous form of EBA 

rather than the BP-like variant in which inflammatory immune cells contribute to disease onset.  

The mechanisms leading to non-inflammatory EBA are still elusive, and the pathways leading 

to blister formation by potential direct autoantibody binding are yet unknown (Kasperkiewicz et 

al. 2016; Koga et al. 2018; Prost-Squarcioni et al. 2018). Therefore, this anti-Col7 antibody 

developed under Treg defect has a high impact on further studies elucidating the pathogenic 

cascades leading to classical/mechano-bullous EBA in patients.  

In addition, pursuing injection experiments with genetically modified mAb H510 are planned to 

reinforce the absence of inflammatory mediators and immune cells during blister formation. 

Silencing the Fc part of this anti-Col7 antibody following injection into WT neonatal mice will 

allow the study of skin blistering without immune cell binding to the antibody itself. Furthermore, 

the elucidation of a possible direct interference mechanism of the antibody with Col7 in the 

skin will be of great interest in the future.  

 

4.5 Conclusion and outlook 

In summary, the data from the first part of this project demonstrate that Treg deficiency in scurfy 

mice results not only in an expansion of autoreactive CD4+ T cells, but also in an altered B cell 

compartment, including elevated levels of germinal center B cells, memory B cells and plasma 

cells which all contribute to the production of autoreactive autoantibodies leading to 

autoimmune disease in these mice. Moreover, analysis of the inflamed skin revealed the 

presence of tissue-resident B cells that may also directly contribute to the pathological 

phenotype. Antigen-specific B cells against proteins relevant for various autoimmune blistering 

diseases were found in the spleen and skin-draining lymph nodes of sick scurfy mice 

suggesting relevance for specific autoantibody production and disease development. From 

these results, it can be hypothesized that autoreactive B cells under defective Treg control 

strongly contribute to the early onset of AIBD. Further studies will define different B cell 

interactions and further classification of antigen-specific B cells may provide potential targets 

for therapeutic approaches.  

The data from the second part of this project demonstrated that a spontaneously developed 

pathogenic autoantibody targeting murine vWFA2 of Col7 could be isolated from scurfy mice. 

Injection of this antibody into mice serves as a mouse model for the classical/mechano-bullous 

form of EBA without contribution of inflammatory mediators. Currently, the majority of patients 

are treated with systemic corticosteroids, which come with many side effects due to its effect 

on the whole body (Koga et al. 2018). Further characterization of the pathological mechanism 
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leading to this so far unidentified disease development will allow studies for better treatment 

options for EBA patients.  

 

 

 

 

 

 

Figure 22. Schematic project summary. (A) Treg-deficient scurfy mice have an altered B cell 
compartment compared to WT littermates. Expanded frequencies of germinal center (GC) B cells in 
spleen and skin-draining lymph nodes (sdLN), plasma cells in sdLN, memory B cells in spleen and bone 
marrow and B2 B cells in skin were found. (B) In detail, out of altered B cell compartment, antigen-
specific B cells against Laminin 332, BP180 and Collagen VII (Col7) were characterized being relevant 
for AIBD progression in scurfy mice. (C) Pathogenic murine autoantibody H510 was isolated out of scurfy 
mice targeting murine von-Willebrand-Factor-A-like domain 2 (vWFA2) of Col7 leading to subepidermal 
blisters in WT neonatal mice in a non-inflammatory manner (created with BioRender). 
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5 SUMMARY 

 

Previous studies have shown that regulatory T cell-deficient scurfy mice develop several 

autoimmune diseases including autoimmune blistering disease (AIBD), associated with the 

production of high titers of anti-basement membrane antibodies. 

To approach the cellular mechanisms of autoimmunity, this project demonstrated that scurfy 

mice are characterized by elevated levels of several B cell subpopulations, including germinal 

center B cells, memory B cells, and plasma cells. Focusing on the site of AIBD manifestation, 

scurfy mice showed significantly higher numbers of B cells in the skin. To further specify the 

role of B cells in the pathogenesis of AIBD, scurfy mice exhibited antigen-specific B cells 

against human relevant AIBD-related proteins present in the skin. Among others, Collagen type 

VII (Col7), the immunodominant antigen of the human disease Epidermolysis bullosa acquisita 

(EBA), was identified.  

To study the immune response to this antigen in more detail, the scurfy-derived monoclonal 

antibody H510 was used which had previously been shown to be pathogenic in vivo as injection 

of H510 into wildtype neonatal mice resulted in subepidermal blisters. In the present project 

the murine von-Willebrand-Factor-A-like domain 2 of Col7 was identified as the target epitope 

of H510. Focusing on the pathogenic mechanism, injection into Fcγ-receptor knock-out mice 

could not abrogate the blister-inducing capacity of this anti-Col7 antibody, suggesting that 

H510 acts independently of cell-induced inflammation. 

In conclusion, this project demonstrates the relevance of antigen-specific B cells for AIBD 

induction in scurfy mice, highlighting their potential role as a therapeutic target in human AIBD. 

Furthermore, the identification of the pathogenic anti-Col7 antibody H510 provides a new EBA 

mouse model that might become an important tool to further study this rare human AIBD and 

allow for potential development of novel therapeutic targets. 
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6 ZUSAMMENFASSUNG 

 

Frühere Studien haben gezeigt, dass Scurfy Mäuse mit einem Mangel an regulatorischen T-

Zellen verschiedene Autoimmunerkrankungen entwickeln, darunter auch Blasenbildende 

Autoimmundermatosen (BAID), welche mit der Produktion hoher Titer von Antikörpern gegen 

die Basalmembran einhergehen. 

Um die zellulären Mechanismen der Autoimmunerkrankungen in diesen Mäusen weiter 

aufzuklären, wurde in diesem Projekt nachgewiesen, dass Scurfy Mäuse eine erhöhte 

Konzentration verschiedener B-Zell-Subpopulationen aufweisen, darunter B-Zellen aus dem 

Keimzentrum, B-Gedächtniszellen und Plasmazellen. Im Hinblick auf den Ort der BAID-

Manifestation wiesen Scurfy Mäuse eine signifikant höhere Anzahl von B-Zellen in der Haut 

auf. Um die Rolle der B-Zellen in der Pathogenese der BAID weiter zu spezifizieren, konnten 

in Scurfy Mäusen antigenspezifische B-Zellen gegen humane, mit der BAID in Zusammenhang 

stehende Proteine in der Haut nachgewiesen werden. Unter anderem konnte Kollagen Typ VII 

(Col7), das immundominante Antigen der humanen Erkrankung Epidermolysis bullosa 

acquisita (EBA), identifiziert werden.  

Um die Immunantwort auf dieses Antigen genauer zu untersuchen, wurde der monoklonale 

Scurfy-Antikörper H510 verwendet, der sich zuvor als pathogen erwiesen hatte, da die 

Injektion von H510 in neonatale Wildtyp Mäuse zu subepidermalen Blasen führte. Im 

vorliegenden Projekt wurde die murine von-Willebrand-Factor-A-like Domäne 2 von Col7 als 

das Zielepitop von H510 identifiziert. Im Hinblick auf den pathogenen Mechanismus konnte die 

Injektion in Fcγ-Rezeptor Knock-out Mäuse die blasenauslösende Wirkung dieses anti-Col7 

Antikörpers nicht aufheben, was darauf hindeutet, dass H510 unabhängig von der 

zellinduzierten Entzündung wirkt. 

Zusammenfassend lässt sich sagen, dass dieses Projekt die Bedeutung antigenspezifischer 

B-Zellen für die Auslösung von BAID in Scurfy Mäusen aufzeigt und ihre potenzielle Rolle als 

therapeutisches Ziel bei humanen BAID unterstreicht. Des Weiteren liefert die Identifizierung 

des pathogenen anti-Col7 Antikörpers H510 ein neues EBA-Mausmodell, das für die weitere 

Erforschung dieser seltenen humanen BAID und die Entwicklung neuer therapeutischer 

Zielstrukturen zukünftig von entscheidender Bedeutung sein kann. 
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