
from the Institute of Dermatology and Venerology 
Director: Prof. Dr. Detlef Zillikens 

 
in Cooperation With 

EUROIMMUN Medizinische Labordiagnostika AG 
Head: Prof. Dr. Winfried Stöcker 

 
represented in the Department of Natural Sciences 

by Prof. Dr. Jürgen Westermann, 
Director of the Institute of Anatomy 

 

Development of Specific 

Immunoadsorbers for the Treatment 

of Human Pemphigus Diseases 

 

 

 

Dissertation for the Fulfilment of Requirements 
for the Doctoral Degree 

of the University of Lübeck 
 

from the Department of Natural Sciences 
 

submitted by 
Jana Langenhan 
from Weißenfels 

 
Lübeck, 2012 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

First referee: Prof. Dr. Jürgen Westermann 

Second referee: PD Dr. Thomas Weimar 

 

Date of oral examination: 10/08/2012 

 

Approved for printing. Lübeck, 16/08/2012 

 



 

 

 

 

 

 

Hereby I declare that I have written the present dissertation without any assistance of third 

parties and have not used outside sources without declaration in the text. Any concepts or 

quotations applicable to these sources are clearly attributed to them. 

This dissertation has not been submitted in the same or similar version, not even in part, to 

any other authority for grading and has not been published elsewhere. 

 

Lübeck, 19/03/2012 __________________ 

 Jana Langenhan 



Contents 

 
Development of Specific Immunoadsorbers for the 
Treatment of Pemphigus Diseases 
Jana Langenhan 
 
Contents 

1. SUMMARY 1 

2. INTRODUCTION 2 

2.1 Pemphigus Diseases 2 

2.2 Blister Induction by anti-Dsg Autoantibodies 4 

2.3 Therapy 6 

3. MATERIALS AND METHODS 9 

3.1 Chemicals, Buffers and Media 9 

3.2 Sera and Antibodies 12 

3.3 Cloning 13 
3.3.1 List of Dsg Expression Plasmids 13 
3.3.2 Construction of Dsg Expression Plasmids 14 
3.3.3 Amplification of DNA Fragments by PCR 15 
3.3.4 Digestion by Endonucleases 15 
3.3.5 Ligation and Transformation 16 
3.3.6 Plasmid Preparation and Sequencing 16 
3.3.7 Large Scale Plasmid Purification 16 

3.4 Immunofluorescence Studies on Dsg Variants 16 
3.4.1 Transfection of HEK 293T Cells 16 
3.4.2 Evaluation of Immunofluorescence Substrates 17 

3.5 Westernblot Analysis 17 

3.6 Production of Soluble Desmogleins in HEK 293T Cells 18 

3.7 Coupling of Antigens to Solid Phases 18 
3.7.1 NHS-Activated Sepharose 18 
3.7.2 Aldehyde Agarose 19 
3.7.3 Tresyl-Activated Acrylic Resin 19 
3.7.4 Carboxy-Activated Acrylic Resin 19 
3.7.5 Aldehyde Acrylic Resin 20 
3.7.6 Azlactone Acrylic Resin 20 

3.8 Adsorption of Antibodies Using Dsg Matrices 20 

3.9 Antibody Detection by ELISA 21 
3.9.1 Detection of Specific IgG 21 
3.9.2 Analysis of IgG Concentration 21 

3.10 Pathogenicity Assays 21 
3.10.1 Anti-Dsg1 Antibodies 21 
3.10.2 Anti-Dsg3 Antibodies 22 

i 



Contents 

3.11 Software for Diagrams and Statistics 23 

4. RESULTS 24 

4.1 Properties of Different Adsorption Materials 24 
4.1.1 Coupling Efficiency of Dsg1(ec)-His and Dsg3(ec)-His 24 
4.1.2 Adsorption Performance of Different Dsg Matrices 25 
4.1.3 Effect of Optimised Coupling Conditions 27 
4.1.4 Specificity of the Prototypic Immunoadsorbers 32 
4.1.5 Stability of Dsg Matrices during Regeneration 35 

4.2 Adsorption on Dsg Fragments 41 

4.3 Pathogenicity of Pemphigus Sera 46 
4.3.1 Acantholytical Effects of the Artificial PF Sera Pool 46 
4.3.2 Acantholytical Effects of the Artificial PV Sera Pool 48 
4.3.3 Acantholytical Effects of IgG4 Depleted PV Sera Pool 49 

4.4 Extraction of anti-Dsg IgG from Individual Pemphigus Sera 51 

5. DISCUSSION 54 

5.1 Properties of Recombinant Desmogleins 54 

5.2 Specificity of Desmoglein Adsorbers 57 

5.3 Pathogenicity of Adsorbed Pemphigus Sera 57 

5.4 Differences between Adsorptions of Individual Sera 59 

5.5 Future Aspects 61 

6. LIST OF ABBREVIATIONS 63 

7. ACKNOWLEDGEMENTS 64 

8. REFERENCES 65 

ii 



Summary 

1. Summary 
Pemphigus diseases are a class of rare intraepidermal blistering disorders. Most frequent are 

pemphigus vulgaris and pemphigus foliaceus. Both are characterised by the presence of 

autoantibodies directed against calcium dependent adherins (cadherins), namely desmoglein 1 

and desmoglein 3. These autoantibodies are pathogenic and cause acantholysis by interfering 

with the cell-to-cell contact of keratinocytes. In addition to systemic immunosuppression, 

pemphigus can be treated with plasmapheresis. Thereby, either plasma exchange or removal of 

total IgG is carried out at present. To minimise side effects, it would be advantageous to use 

adsorption columns that exclusively eliminate anti-desmoglein antibodies. This thesis was de-

voted to the generation of specific adsorber matrices for this purpose. 

The extracellular domains of desmoglein 1 and 3 were expressed in HEK 293T cells and 

purified via immobilised metal ion affinity chromatography. Suitable solid supports were 

sought for immobilisation of these antigens. Out of six matrices tested, NHS-activated Sepha-

rose and aldehyde agarose were most efficient in binding anti-Desmoglein antibodies, as was 

determined by detection of specific IgG in the flow through of the columns. The amount of 

anti-desmoglein antibodies in spiked sera could be decreased to 20 % in the mean. After opti-

misation, 200 µL serum could be processed with 20 µL desmoglein matrix. Adsorption was 

specific, since the level of IgG directed against antigens not related to pemphigus was not in-

fluenced. In vitro assays using human keratinocytes showed significantly decreased patho-

genicity of adsorbed sera. 

It is intended to reuse desmoglein adsorbers for one patient. Acidic regeneration of the ma-

trices was possible, but adsorption capacity dropped in the course of this process by 35 % in 

case of desmoglein 1 matrices and by 12 % in case of desmoglein 3 matrices. To enhance sta-

bility and focus on relevant epitopes, several recombinant desmoglein mutants lacking puta-

tively irrelevant extracellular domains were created. Only one desmoglein 1 variant, consisting 

of the extracellular domains 1 and 5, was found to react with anti-desmoglein 1 IgG from pa-

tients’ sera. But this protein was less efficient than the full length extracellular domain of des-

moglein 1 in removing pathogenicity of spiked sera. There was no such desmoglein 3 mutant 

capable of binding autoantibodies. Since most anti-desmoglein 3 antibodies belong to the IgG4 

subclass, removal of total IgG4 by a specific antibody was conducted. However, desmoglein 3 

matrices were more powerful in abolishing pathogenic effects of pemphigus sera. Both desmo-

glein 1 and desmoglein 3 were highly efficient in adsorbing autoantibodies from a series of 

individual pemphigus sera. The amount of anti-desmoglein 1 IgG was decreased to 1-40 % of 

the initial level, anti-desmoglein 3 IgG to < 20 % after the first run. 

Use of desmoglein adsorbers in pemphigus therapy will possibly improve treatment of 

pemphigus and rapidly alleviate clinical symptoms. 
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Introduction 

2. Introduction 

2.1 Pemphigus Diseases 

Pemphigus diseases are a class of very rare autoimmune skin disorders. Incidence 

ranges from 0.8 to 16 new cases per million inhabitants per year[88]. In some population 

groups of the Middle East (Jewish, Mediterraneans, Northern Indians, Persians), incidence 

is higher[102]. Four different types of pemphigus exist: pemphigus foliaceus (PF), pemphi-

gus vulgaris (PV), paraneoplastic pemphigus (PNP) and IgA pemphigus[3,80,106,115]. Most 

common is PV, followed by PF[88,102]. There is also an endemic form of PF, called fogo 

selvagem, which occurs in some areas in South America[37,44]. 

Pemphigus diseases are potentially lethal if left untreated[11]. The clinical picture is 

characterised by intraepidermal blister formation. These blisters are usually flaccid and 

rupture easily, leaving crusts and erosions. Patients suffering from PF have scaly, crusty 

skin lesions distributed along the trunk, face and scalp[3,130]. By histological analysis of 

skin biopsies, loss of cell-cell adhesion between keratinocytes (acantholysis) is observed 

(Figure 1). Epidermal splitting occurs between granular layers and is accompanied by in-

flammatory infiltrates[80,130]. PV patients show lesions and erosions on mucous membranes. 

Usually the mouth is affected first, but throat, nasal mucosae, conjunctiva, anus and genital 

mucosae may also be involved[3,106,130]. About 50 % of PV patients have additional blister-

ing on the skin similar to PF[60]. In these cases, epidermal cleavage is observed right above 

the basal layer by histology[80,115,130] (Figure 1). 

 
Figure 1: Typical histology from epidermal lesions of pemphigus patients 
Derived from Waschke, 2008[130]. Hematoxylin eosin-stained paraffin section from a PV patient (left) shows 
suprabasal epidermal cleavage. In the section from a PF patient (right), superficial granular blistering can be 
observed. Arrows indicate sites of cleavage. 

In 1964, the presence of autoantibodies in pemphigus patients was demonstrated for the 

first time[21]. In the following years, desmosomes were identified to be the target structures 

for these antibodies[66,67]. Desmosomes are multiprotein cell adhesion structures, which are 

most numerous in tissues subjected to mechanical stress like epithelia and the myocar-

dium[100,130]. Their composition varies between tissues and between differentiation states of 

cells in the same tissue[67]. They consist of desmogleins, desmocollins, plakoglobin and 
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plakophillin and are linked to the cytoskeleton via desmoplakin[130] (Figure 2). Further 

analyses of pemphigus antibodies revealed desmogleins as main autoantigens: desmo-

glein 1 (Dsg1) in case of PF and desmoglein 3 (Dsg3) in case of PV[9,45,54]. PV patients 

with epidermal lesions usually have additional autoantibodies against Dsg1[7,41,46]. 

 
Figure 2: Schematic composition of desmosomes 
Modified from Waschke, 2008[130]. Desmogleins and desmocollins are transmembrane proteins. They interact 
with each other via their extracellular domains. The cytoplasmic parts of both proteins bind to plakophillin, 
plakoglobin and desmoplakin. Desmoplakin forms the linkage to the intermediate filament. 

 
Figure 3: Expression patterns of desmogleins in the epidermis 
Modified from Waschke, 2008[130]. The schematic drawing of the epidermis (left) indicates basal (BL), 
spinous (SL), granular (GL) and corneal (CL) layer. On the right, the expression patterns of Dsg isoforms are 
illustrated. 

Desmogleins belong to the cadherin protein family[9,134] and are necessary for desmo-

some formation[53]. Four different isoforms of desmogleins exist (Dsg1-4), which are ex-

pressed differently with respect to the tissue: Dsg1 is present predominantly in stratified 

corneal epithelium (superficial epidermis). Dsg2 is expressed in simple epithelia and the 

urothelium. Expression of Dsg3 is confined to stratified epithelia (lower epidermis), in-

cluding mucosae. The tissue distribution of Dsg4 includes skin (hair follicles) and several 

simple epithelia[3,130]. A schematic illustration of the location of Dsg isoforms in the skin is 

shown in Figure 3. 

Desmogleins are glycosylated transmembrane proteins with their C-terminus being lo-

cated intracellularly (Figure 4). Similar to classical cadherins, such as E-cadherin or C-

cadherin, the extracellular part of Dsg1 and Dsg3 consists of five domains, termed EC1-5, 
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four of which are so-called cadherin domains (EC1-4)[9]. EC1 is the most N-terminal do-

main and harbours a signal sequence and a propeptide, which are cleaved during the matur-

ing process of the proteins[95,100]. The membrane-proximal extracellular domain is usually 

referred to as EC5, although its similarity to cadherin repeats is limited[90]. 
 

NH2─ 

signal sequence
propeptide

TMEC1 EC2 EC3 EC4 EC5

intracellular domain ─COOH 

 
Figure 4: Schematic structure of Dsg1 and Dsg3 
Structure of Dsg1 and Dsg3 from N-terminus (left) to C-terminus (right): signal sequence, propeptide, ex-
tracellular domains (EC) 1-5, transmembrane domain (TM) and intracellular domain. 

The three dimensional structure of Dsg1 and Dsg3 heavily depends on the presence of 

Ca2+ ions[45,46], which also play a key role in the formation of desmosomes[99,133]. Every 

cadherin domain contains a highly conserved calcium-binding motif[55,90]. In addition, cad-

herin-cadherin interactions depend on the concentration of Ca2+[101]. 

Adhesive strength of desmogleins is most likely mediated by the outermost N-terminal 

part of EC1 through a highly conserved tryptophan residue present in both classical and 

desmosomal cadherins[55,94]. By fitting into a hydrophobic pocket on an opposing molecule 

(e.g. on an adjacent cell), cadherins form head-to-head (trans) homodimers. In addition, 

cis-dimers consisting of two neighbouring cadherins have been observed[25,101,125,137]. This 

is likely to be the case for desmogleins, too, because the three-dimensional structure is con-

served between the different cadherin families[90]. There are also models derived from in 

vitro studies proposing extensive interdigitation of cadherin molecules[32,55,94]. The in vivo 

situation is still under investigation, but seems to be in-between the findings gained from 

the different in vitro systems[55]. Interestingly, epitopes of anti-Dsg autoantibodies map 

predominantly to the N-terminal part of both antigens[3,31,47,73,92,111], which is considered to 

be most important for cell adhesion according to these models. 

2.2 Blister Induction by anti-Dsg Autoantibodies 

Pemphigus sera and purified IgG have been shown to cause acantholysis in passive 

transfer mouse models[5,6,8,41], skin organ cultures[89,105] and in vitro assays using keratino-

cytes[61,66,131]. Although the pathogenic relevance of anti-Dsg antibodies has been a matter 

of debate[4,49,89,121], today it is generally accepted that human anti-Dsg antibodies alone are 

sufficient to induce disease. This is based upon the following major findings: 

I. In individual patients, serum levels of anti-Dsg IgG correlate well with disease ac-

tivity[60]. 

II. Blister location is consistent with the expression patterns of Dsg1 and Dsg3 in the 

different tissues[76,114]. 
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III. Purified anti-Dsg IgG induce blisters by passive transfer into neonatal mice, 

whereas patients’ sera depleted of anti-Dsg antibodies do not[5,6,111]. 

IV. During pregnancy, anti-Dsg IgG can cross the placenta, causing neonatal pemphi-

gus of the foetus, which spontaneously subsides some weeks after birth[14,117]. 

The mechanisms of acantholysis and blister formation by autoantibodies are still con-

troversially discussed. Activation of complement apparently is not required[117,130], al-

though C3 deposition can be observed in skin biopsies of pemphigus patients[80,102,117]. In 

fact, Fab fragments, F(ab’)2 fragments or single-chain variable-region fragments (scFvs) 

directed against desmogleins can cause blisters when passively transferred into neonatal 

mice, although they are not able to fix complement[44,62,79,97]. There are some indications 

supporting the assumption that anti-Dsg IgG mediate pathogenic effects by steric hin-

drance of Dsg-Dsg interactions[57,58,126]. However, this does not seem to be the sole cause 

for acantholysis, since clustering[29,93] and degradation[12,29,34,35,64] of desmogleins has been 

observed in keratinocytes upon incubation with pathogenic anti-Dsg antibodies. Also, 

keratinocytes incubated with PV IgG on ice do not show reduced adhesive strength. This 

argues for the involvement of metabolic events in acantholysis, because enzymatic activi-

ties are inhibited near 0 °C[29]. Indeed, numerous signalling events have been observed in 

pemphigus pathogenesis including retraction of actin and keratin filaments[19,28,48,82,132], 

relocalisation of plakoglobin[28] and desmoplakin[29], phosphorylation of p38 mitogen-

activating protein kinase (p38 MAPK) and heat shock protein (HSP) 27[17-20,65,72], inhibi-

tion of Rho A[118,120,132], activation of c-Src kinase and epidermal growth factor receptor 

kinase[33], Dsg3 internalisation via tyrosine kinases[38] and activation of several apoptotic 

pathways[16,72,98]. Apoptosis, however, seems to be a consequence rather than the cause of 

acantholysis[16,72,108]. In addition, desmosomes are highly dynamic structures[16,70] and there 

is accumulating evidence that anti-Dsg antibodies do not destroy existing desmosomes, but 

hamper the formation of new desmosomes[12,34,64,77,83,93]. 

As mentioned above, conformation of both classical and desmosomal cadherins only 

can be maintained by the binding of calcium ions. Therefore, it is not surprising that anti-

body binding to desmogleins, too, depends on the concentration of Ca2+[7,45,46,126]. 

Overall, the effects of anti-Dsg3 antibodies have been more extensively studied than the 

effects of anti-Dsg1 antibodies. Interestingly, not all autoantibodies directed against these 

two proteins are pathogenic[22,62,68,77,97,126,135]. Antibodies recognising epitopes on the N-

terminus of desmogleins appear to be more pathogenic than those binding to epitopes re-

siding on EC4 or EC5[8,84,136], although the sites of antibody binding on the extracellular  

domains is preserved during different activity states of PF and PV[31,92]. Intracellular epi-

topes are rare and appear only at later stages of disease. The reason for this is speculated to 
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be intramolecular epitope spreading[124]. These epitopes do not contribute to pathogenicity. 

In addition to the site of antibody binding, the nature of recognised epitopes seems to be 

important for acantholysis. Almost all pathogenic anti-Dsg antibodies characterised so far 

bind to conformational epitopes, whereas the recognition of linear epitopes is less fre-

quently associated with pathogenicity[8,42,52,97,111,126]. 

2.3 Therapy 

Despite the well established causal connection of anti-Dsg autoantibodies with acan-

tholysis and blister formation, therapy of pemphigus is based upon systemic immunosup-

pression using high-dose corticosteroids, various immunosuppressive and anti-

inflammatory agents, intravenous immunoglobulins and cytotoxic substances[24,63,102,130]. 

This is accompanied with side effects that are partially severe and do not only decrease life 

quality of the patients, but are the primary cause of morbidity and mortality in these dis-

eases[37,75,102]. They include systemic infections, diabetes mellitus, osteoporosis and throm-

boses[109]. In severe cases, in which pemphigus is therapy refractory or even resistant, im-

munoadsorption may be applied as adjuvant therapy[43,113,140] (Figure 5). During immu-

noadsorption, also called immune apheresis, the plasma of a patient is processed with an 

affinity column binding immunoglobulins, predominantly IgG[91,127]. Although there is a 

lack of controlled, randomised trials, immunoadsorption shows high therapeutic effi-

ciency[43,109,139]. Even so, the immunoadsorption columns available at present all have one 

major drawback: They do not only bind disease-associated antibodies, but all IgG and to a 

certain extent IgM, IgA and IgE. This results in removal of immunoglobulins necessary for 

the defence against pathogens in addition to autoantibodies, which makes patients more 

susceptible to infections. 

The application of total IgG adsorbers for the treatment of pemphigus is the more in-

triguing if considering that it was shown already in the mid 1990s that removal of anti-Dsg 

antibodies via recombinant desmogleins is sufficient to abolish the pathogenicity of pa-

tients’ sera[5,6]. Nevertheless, no specific adsorption devices for use on humans have been 

developed so far. Building the basis for such adsorption columns is the main issue of this 

work. 

Apart from adsorption on desmoglein matrices, other approaches to specifically impair 

the effects of anti-Dsg antibodies on desmosomes have been pursued. Anti-idiotypic anti-

bodies have been shown to abolish pathogenic effects of PF sera in neonatal mice and have 

been suggested as possible ligands of immunoadsorption columns[2]. The research group 

immunised rabbits with anti-Dsg IgG to produce anti-idiotypic antibodies. But reactivity of 

these antibodies with PF sera was diverse, indicating that the epitope profile of PF patients 

varies. To cover all anti-Dsg antibodies, it would probably be necessary to use a diversity 
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of anti-idiotypic antibodies. Obtaining this diversity and achieving constant quality by im-

munisation of animals will be difficult. 

 
Figure 5: Schematic diagram of immunoadsorption 
Derived from Blaha, 2010[23]. Blood is drawn from the patient and supplemented with heparin and citrate to 
prevent coagulation. Then the plasma is separated from the cells and flows over one of two adsorption col-
umns. After adsorption, plasma is mixed with the cells and runs back into the patient. While one column is 
used for plasma processing, the other column is regenerated with glycine and PBS and subsequently washed 
with saline. The plasma flow switches from the first to the second column as soon as regeneration is finished. 

Some years ago, a peptide has been identified that is able to bind both anti-Dsg1 and 

anti-Dsg3 antibodies[73]. This peptide caused clinical improvement of skin lesions of one 

patient with mucocutaneous PV upon topical administration[10]. Topical application does 

not prevent the formation of lesions, but aids their healing. In addition, the development of 

topicals for administration on mucosae, which are predominantly affected in PV, is diffi-

cult and restricted. This limits the use of this peptide. Also, diversity of epitope recognition 

in individual patients might prevent general success of an agent which covers only such a 

small fraction of desmogleins. Similar restrictions apply to a tandem peptide that was de-

veloped to stabilise Dsg-Dsg interactions by binding to their N-termini[57]. 

p38 MAPK has also been proposed to be a novel therapeutic target. In mice, inhibition 

of phosphorylation of p38 MAPK prevented blister formation by PV IgG[20]. However, 

p38 MAPK is involved in numerous signalling pathways and blocking this kinase might 

come along with severe side effects. 

Another possible therapeutic target in PV is caspase 3. This protease is essential for Fas 

mediated apoptosis. Although apoptosis has been shown to be a downstream event in pem-

phigus blister formation[72], blocking caspase 3 in mice prevented acantholysis upon injec-

tion of PV antibodies[96]. This effect was observed when mice were pretreated with a cas-

7 



Introduction 

pase 3 inhibitor. Pretreatment of human pemphigus patients, however, is no therapeutic 

option, because usually the patients already suffer from blisters when they call on a physi-

cian. Prevention of flares in ongoing disease is not possible, also, because flares cannot be 

predicted. Since apoptosis is an important means of the body to prevent tumour formation 

or viral infections, circumventing this mechanism in general by permanently inhibiting 

caspase 3 might lead to unwanted side effects. 

Taken together, specific adsorption of anti-Dsg antibodies seems to be the most promis-

ing and safest new therapeutic option for the treatment of PV and PF. In addition, immu-

noadsorption treatment has the advantage of a very fast improvement of the clinical picture 

of pemphigus patients[43,113]. This study aimed for the development of immunoadsorption 

matrices based on recombinant desmogleins to exclusively remove the pathogenic agents 

from human pemphigus sera. 
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Materials and Methods 

3. Materials and Methods 

3.1 Chemicals, Buffers and Media 

1-ethyl-3-(3-dimethylaminopropyl)-
carbodiimide (EDC) 

GE Healthcare Europe, Germany 

acetic acid VWR International, Germany 

albumin/azide EUROIMMUN, Germany 

aldehyde blocking buffer 1 M Tris 
5 mM CaCl2 
pH = 7.4 

aldehyde coupling buffer 10-50 mM HEPES 
0.5 M NaCl 
5 mM CaCl2 
pH = 7.2 

aldehyde washing solution 1 M NaCl 
5 mM CaCl2 

AminoLink Plus Coupling Resin Fisher Scientific, Germany 

amphotericin B (100 x stock solution) PAA Laboratories, Germany 

anti-human IgG POD-conjugate for 
ELISA (ready-to-use) 

EUROIMMUN, Germany 

calcium chloride dihydrate Hassa, Germany 

carboxy coupling buffer 0.5 M NaCl 
0.1 M NaAc 
5 mM CaCl2 
pH = 4.5 

carboxy washing solution 1 M NaCl 
5 mM CaCl2 
pH = 4.5-5 

casein blocking buffer EUROIMMUN, Germany 

casein sample buffer EUROIMMUN, Germany 

chloramphenicol Roth, Germany 

Coomassie brilliant blue G250 Th. Geyer Hamburg, Germany 

Coomassie destaining solution 40 % methanol 
10 % acetic acid 

covering medium EUROIMMUN, Germany 

Dispase in Hank’s Balanced Salt Solu-
tion (5 mg/mL) 

STEMCELL Technologies SARL, France 

DMEM High Glucose, supplemented 
with L-glutamine and sodium pyruvate 

PAA Laboratories, Germany  

Dsg-TBS 20 mM Tris 
150 mM NaCl 
5 mM CaCl2 
pH = 7.4 
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Materials and Methods 

Dsg-TBS/20 % glycerol 20 mM Tris 
150 mM NaCl 
5 mM CaCl2 
20 % glycerol 
pH = 7.4 

ELISA stopping solution EUROIMMUN, Germany 

ELISA substrate EUROIMMUN, Germany 

ELISA washing buffer (10 x stock so-
lution) 

EUROIMMUN, Germany 

elution buffer 0.1 M glycine 
5 mM CaCl2 
0.2 % Tween® 20 
pH = 2.5 

ethanolamine hydrochloride Sigma-Aldrich Chemie, Germany 

ExGen 500 in vitro Transfection Re-
agent 

Fermentas Molecular Biology, Germany  

 

 

FBS (Mycoplex) PAA Laboratories, Germany 

formaldehyde Sigma-Aldrich Chemie, Germany 

glycerol Gerbu Biotechnik, Germany 

glycine Roth, Germany 

HEPES (PUFFERAN®) Roth, Germany 

hydrochloric acid Th.Geyer, Germany 

imidazole Sigma-Aldrich Chemie, Germany 

Keratinocyte Growth Medium 2 
(KGM2) Kit  

PromoCell, Germany 

LB agar (ready-to-use mixture) Roth, Germany 

LB medium (ready-to-use mixture) Roth, Germany 

magnesium chloride hexahydrate Gerbu Biotechnik, Germany 

methanol VWR International, Germany 

methyl violet 2B Sigma-Aldrich Chemie, Germany 

neutralisation buffer 1 M Tris 
5 mM CaCl2 
pH = 7.6 

NHS blocking buffer 1 0.5 M ethanolamine 
0.5 M NaCl 
5 mM CaCl2 
pH = 8.3 

NHS blocking buffer 2 0.5 M ethanolamine 
0.5 M NaCl 
pH = 8.3 

NHS coupling buffer 1 10 mM HEPES 
0.5 M NaCl 
5 mM CaCl2 
pH = 8.0 

10 

http://www.fermentas.de/
http://www.sigmaaldrich.com/
http://www.sigmaaldrich.com/


Materials and Methods 

NHS coupling buffer 2 0.2 M Na2CO3 
0.5 M NaCl 
pH = 8.3 

NHS washing buffer 1 0.1 M sodium acetate 
0.5 M NaCl 
5 mM CaCl2 
pH = 4.0 

NHS washing buffer 2 0.1 M sodium acetate 
0.5 M NaCl 
pH = 4.0 

NHS-activated SepharoseTM 4 Fast 
Flow 

VWR International, Germany 

N-hydroxysuccinimide (NHS) GE Healthcare Europe, Germany 

NuPAGE® MES-SDS running buffer 
(20 x stock solution) 

Invitrogen, Germany 

NuPAGE® Transfer Buffer (20 x stock 
solution) 

Invitrogen, Germany 

PBS (ready-to-use mixture) EUROIMMUN, Germany 

PBS coating buffer EUROIMMUN, Germany 

PBS/T 0.2 % Tween® 20 in PBS 

PBS/U 1 x PBS 
8 M urea 
pH = 7.4 

penicillin/streptomycin (100 x stock 
solution) 

PAA Laboratories, Germany 

Ponceau S partical Sigma-Aldrich Chemie, Germany  

sodium acetate Sigma-Aldrich Chemie, Germany 

sodium acide (9 % stock solution) EUROIMMUN, Germany 

sodium ampicillin Gerbu Biotechnik, Germany 

sodium chloride Th.Geyer, Germany 

sodium cyanoborohydride Sigma-Aldrich Chemie, Germany 

sodium hydrogen carbonate VWR International, Germany 

sodium hydroxide (5 M solution) Th.Geyer, Germany 

Spectra® Multicolor Broad Range Pro-
tein Ladder 

Fermentas Molecular Biology, Germany 

Sterogene IMAC Ni-resin Biotech-IgG, Denmark 

Taubert buffer (10 x stock solution) EUROIMMUN, Germany 

TNIMCa (10 x stock solution) 55 mM Tris 
1.8 M NaCl 
220 mM imidazole 
550 mM MgCl2 
55 mM CaCl2 
pH = 8.0 
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Materials and Methods 

Toyopearl AF-Carboxy-650 Tosoh Bioscience, Germany 

Toyopearl AF-Formyl-650 Tosoh Bioscience, Germany 

Toyopearl AF-Tresyl-650 Tosoh Bioscience, Germany 

Tresyl blocking buffer 0.1 M Tris 
0.5 M NaCl 
5 mM CaCl2 
pH = 8.5 

Tresyl coupling buffer see NHS coupling buffer 

Tris-b Gerbu Biotechnik, Germany  

Tween® 20 Gerbu Biotechnik, Germany 

UltraLink Biosupport Fisher Scientific, Germany 

urea Gerbu Biotechnik, Germany 

Westernblot blocking buffer (10 x stock 
solution) 

EUROIMMUN, Germany 

Westernblot substrate EUROIMMUN, Germany 

Westernblot washing buffer (10 x stock 
solution) 

EUROIMMUN, Germany 

phalloidin-TRITC Sigma-Aldrich Chemie, Germany 

3.2 Sera and Antibodies 

Pemphigus sera and antibodies as well as control sera were collected by the Institute of 

Dermatology and Venerology, University of Lübeck. All pemphigus patients were under 

medical treatment and had positive ELISA results with respect to autoantibodies against 

Dsg1 and/or Dsg3. 
Table 1: Antibodies and conjugates 

antibody purchased from 
anti-Dsg3 mouse monoclonal antibody santa cruz biotechnology, Germany 
anti-His-tag mouse monoclonal antibody Merck Chemicals, Germany 
anti-p38 MAPK rabbit polyclonal antibody New England Biolabs, Germany 
anti-P-p38 MAPK rabbit monoclonal antibody New England Biolabs, Germany 
goat anti-human IgG, F(ab’)2-HRP Dianova, Germany 
goat anti-rabbit IgG-HRP Sigma Aldrich Chemie, Germany 
monoclonal anti-human IgG4, Fc-fragment specific Biomol, Germany 
mouse anti-human IgG4 (Fc)-HRP BIOZOL Diagnostica Vertrieb, Germany 
polyclonal goat anti-human IgG (H+L)-Cy2 Dianova, Germany 
polyclonal goat anti-human IgG, Fc-fragment specific Dianova, Germany 
polyclonal goat anti-mouse IgG (H+L)-Cy2 Dianova, Germany 
polyclonal goat anti-mouse IgG-AP Dako Deutschland, Germany 

 

Since Pemphigus is a very rare disease and serum samples are difficult to obtain, artifi-

cial sera pools were created for use in experiments with high serum consumption. There-

fore, antibodies from four PF- and PV-patients each, which were obtained during immu-

noadsorption therapies with TheraSorbTM (Miltenyi Biotec, Germany), were diluted in sera 

of healthy blood donors. This way, large amounts of artificial pemphigus sera could be 
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created. The resulting ELISA titre of the PF-pool was 471 RU/mL against Dsg1 and of the 

PV-pool 400 RU/mL against Dsg3. 

Rabbit sera against Dsg1 and Dsg3 were purchased from Eurogentec Deutschland 

(Germany). Dsg1(ec)-His and Dsg3(ec)-His were used for the immunisation. 

For detailed information on purified antibodies and conjugates see Table 1. 

3.3 Cloning 

3.3.1 List of Dsg Expression Plasmids 

All expression plasmids were derived from pTriEx-1.1 (Merck Biosciences, Germany). 

The respective expression plasmids for Dsg1(ec)-His, Dsg3(ec)-His, Dsg1(ec)-TM and 

Dsg3(ec)-TM were already available at EUROIMMUN[107]. A list of self cloned vectors is 

shown in Table 2. 
Table 2: List of expression plasmids 

plasmid name expressed protein 
pTriEx-1 TM_Dsg1 none/helper construct 
pTriEx-1 TM_Dsg3 none/helper construct 
pTriEx-1 pre_pro_Dsg1_EC1-4_TM Dsg1_EC1-4_TM 
pTriEx-1 pre_pro_Dsg1_EC1-3_TM Dsg1_EC1-3_TM 
pTriEx-1 pre_pro_Dsg1_EC1-2_TM Dsg1_EC1-2_TM 
pTriEx-1 pre_pro_Dsg1_EC1_TM Dsg1_EC1_TM 
pTriEx-1 pre_pro_Dsg1_EC1+3_TM Dsg1_EC1+3_TM  
pTriEx-1 pre_pro_Dsg1_EC1+4_TM Dsg1_EC1+4_TM  
pTriEx-1 pre_pro_Dsg1_EC1+5_TM Dsg1_EC1+5_TM 
pTriEx-1 pre_pro_Dsg3_EC1-4_TM Dsg3_EC1-4_TM 
pTriEx-1 pre_pro_Dsg3_EC1-3_TM Dsg3_EC1-3_TM 
pTriEx-1 pre_pro_Dsg3_EC1-2_TM Dsg3_EC1-2_TM 
pTriEx-1 pre_pro_Dsg3_EC1_TM Dsg3_EC1_TM 
pTriEx-1 pre_pro_Dsg3_EC1+3_TM Dsg3_EC1+3_TM 
pTriEx-1 pre_pro_Dsg3_EC1+4_TM Dsg3_EC1+4_TM 
pTriEx-1 pre_pro_Dsg3_EC1+5_TM Dsg3_EC1+5_TM 
pTriEx-1 pre_pro_Dsg1_EC1+2+5_TM Dsg1_EC1+2+5_TM 
pTriEx-1 pre_pro_Dsg3_EC1+Dsg1_EC5_TM Dsg3_EC1+Dsg1_EC5_TM 
pTriEx-1 pre_pro_Dsg1_EC1+5_His Dsg1_EC1+5_His 

 

All Dsg variants were expressed with the authentic signalling sequence (“pre”) and 

propeptide (“pro”). Both sequences were cleaved during the maturing process of the pro-

teins. In case of Dsg1, EC1 is represented by aa 50-158, EC2 by aa 159-270, EC3 by 

aa 271-385, EC4 by aa 386-497, EC5 by aa 498-548 and TM by aa 549-569. Concerning 

Dsg3, EC1 consists of aa 49-157, EC2 of aa 158-267, EC3 of aa 268-384, EC4 of aa 385-

498, EC5 of aa 499-614 and TM of aa 617-641. 

Including glycosylation, both Dsg1(ec)-His and Dsg3(ec)-His have an apparent molecu-

lar weight of approximately 80 kDa after cleavage of signal sequence and propeptide, as 

was determined by Westernblot analysis. Dsg1_EC1+5_His has a size of 50 kDa under the 

same conditions. 
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3.3.2 Construction of Dsg Expression Plasmids 

Vector NTI Advance 11 (Invitrogen, Germany) was used for the planning of all cloning 

procedures. This includes restriction analyses, generation of primers and creation of virtual 

agarose gel pictures for analytical PCR and control restriction. 
Table 3: List of primers 

primer sequence restriction 
enzymes 

sense TM_Dsg1 GATCCGCTGGCATTGGACTCCTCATCATGGGATTCTT
GGTCTTAGGATTGGTCCCATTTTTGATGATCC BamHI/XhoI 

asense TM_Dsg1 TCGAGGATCATCAAAAATGGGACCAATCCTAAGACCA
AGAATCCCATGATGAGGAGTCCAATGCCAGCG BamHI/XhoI 

sense TM_Dsg3 ATACTCGAGCTGGGGCCTGCCGCCATCGGCCT XhoI 
asense TM_Dsg3 ATATGTCGACGGTCAACAGCAGAAGGGGGG SalI 
sense pre_Dsg1 ATACCATGGACTGGAGTTTCTTCAGAGTAG NcoI 
asense Dsg1_EC5 TTATGGATCCTCCAGGACCAAAATGTACATTGT BamHI 
asense Dsg1_EC4 TTATGGATCCTCCGTTCGGCTCTGTATTAGTC BamHI 
asense Dsg1_EC3 TTATGGATCCTCCAAACACTGGGCCTTCAATT BamHI 

asense Dsg1_EC2 TTATGGATCCTCCTTCCATGTAAGGGATATTATCATT 
GACATC BamHI 

asense Dsg1_EC1 TTATGGATCCTCCTGAAAACACTGGAGGGTTG BamHI 
asense Dsg1_EC1-KpnI TTATGGTACCTGAAAACACTGGAGGGTTG KpnI 
sense Dsg1_EC3 TATTGGTACCCAGTCTTCATATACCATAGA KpnI 
sense Dsg1_EC4 TATTGGTACCCGTCCAGGTTCAAAGACAT KpnI 
sense Dsg1_EC5 TATTGGTACCACTAAAATTACTACCAATACT KpnI 
sense pre_Dsg3 ATACCATGGGGCTCTTCCCCAGAACTACAGGGGCTC NcoI 
asense Dsg3_EC5 ATACTCGAGCCTCCCTGAGTGCGGCCTGCCATACCTG XhoI 
asense Dsg3_EC4 TATTCTCGAGTCCTCCTTTTTCGAGGACAGCTG XhoI 
asense Dsg3_EC3 TATTCTCGAGTCCTCCAGGACGGAATGCAATTCC XhoI 
asense Dsg3_EC2 TATTCTCGAGTCCTCCTCTAAACATTGGGAAGTTATC XhoI 
asense Dsg3_EC1 TATTCTCGAGTCCTCCTGAAAATACTGGAGGATTATC XhoI 
asense Dsg3_EC1-BamHI TATTGGATCCTGAAAATACTGGAGGATTATC BamHI 
sense Dsg3_EC3 TTATGGATCCGACTCTCAGTATTCAGCAC BamHI 
sense Dsg3_EC4 TTATGGATCCGCTTCCAAGACATTTACTGT BamHI 
sense Dsg3_EC5-BamHI TTATGGATCCGATGCAGTTTGCAGTTCTT BamHI 
asense Dsg1_EC2-LguI ATGCTCTTCCAGTTTCCATGTAAGGGATATTAT LguI 
sense Dsg1_EC5-LguI ATGCTCTTCCACTAAAATTACTACCAATACTGG LguI 

asense Dsg1_EC5-SalI ATAGTCGACAGGACCAAAATGTACATTGTCTGATAAC 
AAATCTTTGGCTC SalI 

asense Dsg3_EC1-KpnI GCGGTACCTGAAAATACTGGAGGATTAT KpnI 
 

Table 3 lists the used primers. For the cloning of the membrane-bound Dsg variants, 

vectors containing the transmembrane domain of Dsg1 and Dsg3 were made. TM_Dsg1 

was synthesised as a linker and inserted into pTriEx-1.1 via BamHI and XhoI. TM_Dsg3 

was used as PCR-product and inserted via XhoI and SalI. This way, Dsg1 fragments could 

be introduced with NcoI and BamHI whereas Dsg3 fragments were inserted via NcoI and 

XhoI. Connection between different extracellular domains of Dsg1 was achieved with 

KpnI or LguI, in case of Dsg3 with BamHI. To remove the transmembrane domain from 

Dsg1_EC1+5_TM, pTriEx-1.1 was cut with NcoI and XhoI before Dsg1_EC1+5 was in-

serted as PCR product made of pTriEx-1.1 pre_pro_Dsg1_EC1+5_TM and the appropriate 

primers (sense pre-Dsg1 and asense Dsg1_EC5-SalI). Fusion of Dsg1_EC5 to Dsg3_EC1 
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was achieved with KpnI, insertion into pTriEx-1.1 TM_Dsg1 was done via NcoI and 

BamHI. 

3.3.3 Amplification of DNA Fragments by PCR 

For cloning purposes, enzymes and buffers of the High Fidelity PCR Enzyme Mix 

(Fermentas Molecular Biology, Germany) were used. Taq DNA Polymerase LC (Fermen-

tas Molecular Biology, Germany) was used for analytical PCR. Composition of the reac-

tion mix was as follows: 

 

High Fidelity reaction mix 

 1 x High Fidelity PCR Buffer 

 0.2 mM dNTPs each 

 1 µM primers each 

 10 ng template DNA 

 2.5 U High Fidelity PCR Enzyme Mix 

 

Taq DNA Polymerase LC reaction mix 

 1 x PCR Buffer 

 2 mM MgCl2 

 0.2 mM dNTPs each 

 1 µM primers each 

 10 ng template DNA or 2 µL bacterial culture 

 1.25 U Taq Polymerase LC 

 

PCR procedure 

 melting: 30 s at 94 °C 

 annealing: 45 s at 56 °C 

 amplification: 1 min per kb at 72 °C 

 repetition: 30 times 

 

PCR cleanup was done with NucleoSpin® Extract II (Macherey-Nagel, Germany). 

3.3.4 Digestion by Endonucleases 

All restriction enzymes and appropriate buffers were purchased from Fermentas Mo-

lecular Biology (Germany). Both conventional and Fast Digest® enzymes were used. 

Composition of the restriction mix varied with respect to the different restriction enzymes 

and was arranged according to the manufacturer’s instructions. 
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Purification of digested DNA fragments was done either directly with NucleoSpin® Ex-

tract II (Macherey-Nagel, Germany) or by agarose gel preparation using the same kit.  

3.3.5 Ligation and Transformation 

For ligation of DNA fragments, the Rapid DNA Ligation Kit of Fermentas Molecular 

Biology (Germany) was used. The reaction was done in 10 min at room temperature (RT) 

in a total volume of 20 µL consisting of 1 µL vector DNA, 3-5 µL insert DNA, 1 x Rapid 

Ligation Buffer and 5 Units T4 DNA ligase. 

After ligation, the reaction mix was directly used for transformation into heat competent 

E. coli (XL-2). DNA was added to the cell suspension and incubated for 10 min on ice. 

The heat shock was done at 42 °C for 45 s, followed by a one-minute-incubation on ice. 

Then four volumes of LB medium were added and the cells were incubated at 37 °C for 

30 min while shaking. After centrifuging for 2-3 min at 4 °C and full speed, most of the 

supernatant was removed. The cells were resuspended in the remaining supernatant and 

plated onto LB agar plates supplemented with chloramphenicol (34 µg/mL) and ampicillin 

(100 µg/mL) for selection. Plates were stored over night at 37 °C. 

3.3.6 Plasmid Preparation and Sequencing 

Bacterial clones from agar plates were tested by analytical PCR. Correct ones were then 

inoculated in 5 mL LB medium with 34 µg/mL chloramphenicol and 100 µg/mL ampicil-

lin and incubated over night at 37 °C under shaking. On day two plasmids were purified 

using NucleoSpin® Plasmid (Macherey-Nagel, Germany) and sequenced at Eurofins MWG 

Operon (Germany). Evaluation of DNA sequences was done with ContigExpress 11 and 

Vector NTI Advance 11 (Invitrogen, Germany). 

3.3.7 Large Scale Plasmid Purification 

For preparation of larger amounts of plasmid DNA, NucleoBond® Xtra Midi or 

PC 10,000 (Macherey-Nagel, Germany) was utilised according to the manufacturer’s in-

structions. The concentration of the purified DNA was set to 0.5 µg/µL. 

3.4 Immunofluorescence Studies on Dsg Variants 

3.4.1 Transfection of HEK 293T Cells 

HEK 293T cells were seeded either onto BD FalconTM CultureSlides or onto glass slides 

(EUROIMMUN, Germany) with a density of 3.75 · 104 cells/cm2 using DMEM High Glu-

cose supplemented with FBS (10 %), penicillin (100 U/mL), streptomycin (0.1 mg/mL) 

and amphotericin B (2.5 µg/mL). Four hours after seeding, cells were transfected with the 

appropriate plasmid with the help of ExGen 500 according to the manufacturer’s protocol. 
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pTriEx-1.1 without any inserts always served as negative control. After transfection, the 

cells were incubated for two days at 37 °C, 95 % humidity and 8.5 % CO2. 

CultureSlides or glass slides were washed two times with PBS and fixed in a solution of 

1.8 % formaldehyde in PBS for 3 min. Afterwards, they were washed with a protecting 

solution (EUROIMMUN, Germany) and air-dried. CultureSlides were directly subjected to 

staining, glass slides were used for BIOCHIP production[122]. 

3.4.2 Evaluation of Immunofluorescence Substrates 

For immunofluorescence staining, primary antibodies or sera were diluted in albu-

min/azide and incubated with the cells for 30 min at RT. In case of the incubation of BIO-

CHIPs, TITERPLANESTM (EUROIMMUN, Germany) were used. After the first incuba-

tion step, cells were rinsed with PBS/T and then washed in a PBS/T-containing chamber 

for 5 min at RT. Secondary antibodies were diluted in albumin/azide and incubated with 

the fixed cells for 30 min at RT, followed again by rinsing and washing with PBS/T. Then 

BIOCHIPs or CultureSlides were covered with a glass slide using covering medium. Ex-

amination of the stained cells was done with a Zeiss Axioskop 2 (Zeiss, Germany). Pic-

tures were taken with a LuCam Camera (Lumenera Corporation, Canada) and the supplied 

Software LuCam Capture 5.0. For some experiments, the confocal microscope LSM 700 

(Zeiss, Germany) and the appropriate software ZEN 2009 were used. 

3.5 Westernblot Analysis 

NuPAGE® 4-12 % Bis-Tris gels (Invitrogen, Germany) with a width of 1 mm were used 

for SDS-PAGE according to the manufacturer’s instructions and with the supplied MES-

buffer. Proteins were then blotted onto a nitrocellulose membrane (Purabind 02, GE-

Healthcare Europe, Germany) in 60 min at 400 mA using NuPAGE® Transfer Buffer. 

Complete blotting was confirmed with a 10 min Ponceau S staining. After destaining with 

50 mM Tris, membranes were blocked for 15 min at RT with blocking buffer (EUROIM-

MUN, Germany) under slight shaking. Antibodies and conjugates were diluted in West-

ernblot blocking buffer and incubated for 30 min at RT under slight shaking. Between the 

incubation steps of primary and secondary antibody, the membranes were washed three 

times with Westernblot washing buffer. After incubation with the secondary antibody, 

membranes were washed two times and then one time over 15 min under slight shaking. 

Westernblot substrate (EUROIMMUN, Germany) was utilised for staining of protein 

bands. The staining reaction was stopped with distilled water. 

For Coomassie staining, NuPAGE® 4-12 % Bis-Tris gels (Invitrogen, Germany) with a 

width of 1 mm were used for SDS-PAGE. Then the gel was incubated with Coomassie 

destaining solution for 10 min at RT under slight shaking to achieve a fixation of the gel. 
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After discarding the destaining solution, staining was done with Coomassie brilliant blue 

G250 for 30 min at RT. For destaining, the Coomassie solution was exchanged against 

destaining solution. If necessary, the destaining solution was substituted with fresh one 

after some time. The gel was incubated in this solution until protein bands were clearly 

visible. 

3.6 Production of Soluble Desmogleins in HEK 293T Cells 

HEK 293T cells were seeded into Corning® HYPERFlasks (Omnilab-Laborzentrum, 

Germany) with a density of 7.5 · 104 cells/cm2 in DMEM High Glucose supplemented with 

FBS (10 %), penicillin (100 U/mL), streptomycin (0.1 mg/mL) and amphotericin B 

(2.5 µg/mL). Four hours after seeding, cells were transfected with the appropriate plasmid 

with the help of ExGen 500. Then the cells were kept at 37 °C, 95 % humidity and 8.5 % 

CO2 for 5-7 days. 

For purification, cell culture supernatant was supplemented with 1 x TNIMCa and set to 

a pH of 8.0, followed by incubation at RT for 30 min. Then the supernatant was cleared by 

centrifuging. Purification was done with immobilised metal ion affinity chromatography 

(IMAC) on NiNTA Sepharose. For protein elution, increasing concentrations of imidazole 

were applied. After purification, a buffer exchange against Dsg-TBS/20 % Glycerol (in 

case of Dsg1) or Dsg-TBS (for Dsg3) was done. Purified proteins were stored at -20 °C or 

-80 °C, respectively. 

3.7 Coupling of Antigens to Solid Phases 

For coupling of proteins onto solid supports, the storage buffer of the proteins had to be 

exchanged against the respective coupling buffer by dialysis or gel filtration. Protein con-

centration was set to 0.5-1.0 µg/µL. Successful coupling was controlled via Westernblot 

or, in case of antibodies, via SDS-PAGE and subsequent Coomassie staining. 

3.7.1 NHS-Activated Sepharose 

For coupling of Dsg variants, NHS coupling buffer 1, blocking buffer 1 and washing 

buffer 1 were used. In case of antibodies, coupling buffer 2, blocking buffer 2 and washing 

buffer 2 were utilised. 

The required amount of NHS-activated Sepharose was transferred into a MoBiCol col-

umn (MoBiTec, Germany) with a 10 µm filter and washed with at least six gel volumes of 

ice cold 1 mM hydrochloric acid. Then the respective amount of protein was added, fol-

lowed by a 30 min-incubation at RT. A rotator was used to prevent sedimentation of the 

slurry. After coupling, the gel was washed with at least six volumes of blocking buffer, six 

volumes of washing buffer and four volumes of blocking buffer. Free NHS-groups were 
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blocked with two gel volumes of blocking buffer for 30 min at RT while rotating, followed 

by another washing with six volumes of washing buffer, six volumes of blocking buffer, 

six volumes of washing buffer and then six volumes of Dsg-TBS (in case of desmogleins) 

or PBS (four coupling of antibodies). For storage at 4 °C, 0.045 % NaN3 was added to the 

slurry. 

3.7.2 Aldehyde Agarose 

The required amount of aldehyde agarose (AminoLink Plus Agarose) was transferred 

into a MoBiCol column (MoBiTec, Germany) with a 10 µm filter and washed with at least 

six gel volumes of coupling buffer. Then the respective amount of protein and 50 mM of 

NaCNBH3 were added, followed by a 6 h-incubation at RT. A rotator was used to prevent 

sedimentation of the slurry. After coupling, the gel was washed with at least six volumes of 

coupling buffer, and four volumes of blocking buffer. Free aldehyde-groups were blocked 

with two gel volumes of blocking buffer and 50 mM NaCNBH3 for 30 min at RT while 

rotating, followed by another washing with ten volumes of washing solution and six vol-

umes of Dsg-TBS. For storage at 4 °C, Dsg-TBS was supplemented with 0.045 % NaN3. 

3.7.3 Tresyl-Activated Acrylic Resin 

The required amount of tresyl acrylate (Toyopearl AF-Tresyl-650) was transferred into 

a MoBiCol column (MoBiTec, Germany) with a 10 µm filter and washed with at least ten 

gel volumes of distilled water. Then the respective amount of protein was added, followed 

by a 2 h-incubation at RT. A rotator was used to prevent sedimentation of the slurry. After 

coupling, the gel was washed with at least fifty volumes of Dsg-TBS. Free reactive groups 

on the resin were blocked with five gel volumes of blocking buffer for 1 h at RT while 

rotating, followed by another washing with eight volumes of Dsg-TBS. For storage at 4 °C, 

Dsg-TBS was supplemented with 0.045 % NaN3. 

3.7.4 Carboxy-Activated Acrylic Resin 

The required amount of carboxy acrylate (Toyopearl AF-Carboxy-650) was transferred 

into a MoBiCol column (MoBiTec, Germany) with a 10 µm filter and washed with at least 

ten gel volumes of distilled water and then with ten gel volumes of 0.5 M sodium chloride 

solution (pH 4.5-5). To activate the resin, four gel volumes of a fresh mixture of EDC 

(0.2 M) and NHS (50 mM) were incubated with the carboxy acrylate for 10 min at RT, 

before washing with four gel volumes of 0.5 M NaCl solution (pH 4.5-5). Then the respec-

tive amount of protein was added, followed by a 24 h-incubation at RT. A rotator was used 

to prevent sedimentation of the slurry. After coupling, the gel was washed with at least ten 
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volumes of 5 mM calcium chloride solution, ten volumes of washing solution and ten vol-

umes of Dsg-TBS. For storage at 4 °C, Dsg-TBS was supplemented with 0.045 % NaN3. 

3.7.5 Aldehyde Acrylic Resin 

The required amount of aldehyde acrylate (Toyopearl AF-Formyl-650) was transferred 

into a MoBiCol column (MoBiTec, Germany) with a 10 µm filter and washed with at least 

four gel volumes of distilled water and four volumes of coupling buffer. Then the respec-

tive amount of protein and 50 mM of NaCNBH3 were added, followed by an over-night-

incubation at RT. A rotator was used to prevent sedimentation of the slurry. After cou-

pling, free aldehyde groups were blocked with six gel volumes of blocking buffer and 

50 mM NaCNBH3 for 1 h at RT while rotating. Afterwards, the gel was washed with at 

least ten volumes each of 5 mM calcium chloride, washing solution, again 5 mM CaCl2 

and then Dsg-TBS. For storage at 4 °C, Dsg-TBS was supplemented with 0.045 % NaN3. 

3.7.6 Azlactone Acrylic Resin 

The required amount of azlactone acrylate (UltraLink Biosupport) was transferred into a 

MoBiCol column (MoBiTec, Germany) with a 10 µm filter. The storage solution was re-

moved and then the respective amount of protein was added, followed by a 1 h-incubation 

at RT. A rotator was used to prevent sedimentation of the slurry. After coupling, free reac-

tive groups were blocked with ten gel volumes of NHS blocking buffer for 2.5 h at RT 

while rotating. Then the gel was washed with at least ten gel volumes of aldehyde washing 

buffer over 15 min, followed by 20 volumes of Dsg-TBS. For storage at 4 °C, Dsg-TBS 

was supplemented with 0.045 % NaN3. 

3.8 Adsorption of Antibodies Using Dsg Matrices 

20 µL of Dsg matrices were washed three times with 100 µL Dsg-TBS each in a mini 

spin column (MoBiTec, Germany) before adding human sera (200 µL if not stated other-

wise). The slurry was incubated for 30 min at RT on a rotator. Afterwards, the sera were 

removed by centrifugation. 

For regeneration after the adsorption procedure, Dsg resins were washed with at least 

3 x 200 µL of Dsg-TBS. Then 100 µL elution buffer were added and incubated for 2 min 

at RT. After removal of the elution buffer by centrifugation, the pH was raised with 

100 µL neutralisation buffer, which was incubated with the matrices for 2 min at RT. The 

procedure of elution and neutralisation was repeated and then the adsorbers were washed 

again three times with 200 µL Dsg-TBS each. 
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3.9 Antibody Detection by ELISA 

3.9.1 Detection of Specific IgG 

Anti-Dsg1, anti-Dsg3 and anti-EBNA1 ELISA kits were obtained from EUROIMMUN 

and carried out according to the manufacturer’s protocol. All samples were measured in 

duplicate. Evaluation of the results was done with a Tecan SunriseTM microplate reader and 

easyWIN fitting 6.0 (both Tecan, Germany). Measurement of the extinction was done at a 

wavelength of 450 nm and a reference wavelength of 620 nm. The amount of antibodies in 

the samples was calculated with the help of the provided controls. 

Anti-Dsg1 and anti-Dsg3 ELISAs were also used for measuring the amount of anti-Dsg 

antibodies in rabbit sera. In these cases, an anti-rabbit IgG horseradish peroxidase (HRP) 

conjugate dissolved in 1 x Taubert buffer was used as secondary antibody instead of the 

supplied anti-human IgG HRP conjugate. 

3.9.2 Analysis of IgG Concentration 

MaxiSorpTM plates (VWR International, Germany) were coated with an antibody di-

rected against the human IgG Fc chain (1 µg/well) for 3 h at RT. After removal of the anti-

body solution, the wells were blocked with casein for 1 h at RT and washed with ELISA 

washing buffer (300 µL/well, 3 times, 30 s each). Samples and calibration specimen 

(EUROIMMUN, Germany) were diluted 1:1000 in casein sample buffer and incubated 

with the ELISA wells for 30 min at RT (100 µL/well). This was followed by another wash-

ing step as described above. As secondary antibody, a HRP-conjugate directed against hu-

man IgG F(ab’)2-fragments was used. The conjugate was diluted 1:20,000 in Taubert 

buffer and incubated for 30 min at RT (100 µL/well). After washing, each well was incu-

bated with 100 µL ELISA substrate for 15 min at RT in the dark. The reaction was stopped 

with 100 µL/well stopping solution. The readout was carried out as described above. 

3.10 Pathogenicity Assays 

3.10.1 Anti-Dsg1 Antibodies 

The cell fragmentation assay was done at the Institute of Dermatology and Venerology 

at the University of Lübeck. HaCaT cells, an immortalised human keratinocyte cell line[27], 

were grown in KGM2 supplemented with all supplied hormones and growth factors, CaCl2 

(1.2 mM), penicillin (100 U/mL) and streptomycin (0.1 mg/mL). Cells were seeded into 12 

well plates and grown to confluence at 37 °C, 95 % humidity and 8.5 % CO2. Then the 

medium was exchanged against fresh one and pemphigus sera as well as negative controls 

(normal human sera) were diluted 1:5 till 1:25 into the medium. After incubation for addi-
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tional 24 h, the cell culture supernatant was removed. Cells were washed three times with 

PBS before adding 500 µl dispase (1:2 dilution in PBS, final concentration 2.5 mg/mL) per 

well, followed by a 30 min incubation at 37 °C. After the cells had detached from the bot-

tom of the culture plate, they were put under mechanical stress by pipetting the monolayer 

five times. Then 500 µl of 4 % formaldehyde were added. After incubation of this fixing 

solution for 5 min at RT, one drop of methyl violet 2B solution was used to stain the cell 

fragments (10 min at RT). In the meantime, petri dishes were filled with PBS. After stain-

ing of the cell fragments was complete, they were transferred into the petri dishes and pho-

tographed. The number of fragments was counted using ImageJ 1.45s. 

To detect phosphorylation of p38 MAPK, HaCaT cells grown in DMEM High Glucose 

supplemented with FBS (10 %), penicillin (100 U/mL) and streptomycin (0.1 mg/mL) 

were seeded onto 24 well plates (Nunc, Germany) with a density of 105 cells per well. Af-

ter incubation for 24 h at 37 °C, 95 % humidity and 8.5 % CO2, the medium was ex-

changed and human sera were added in a 1:5 dilution, followed by another incubation step 

at 37 °C for 30 min. Then the cells were detached from the culture plate using a cell 

scraper and transferred into reaction tubes. After centrifuging the suspension for 5 min at 

4 °C and 20,800 g, the supernatant was removed and the pellet resuspended in a small vol-

ume of PBS/U. Samples were analysed by Western blotting using an anti-p38 MAPK anti-

body and an anti-phospho-p38 MAPK antibody. 

For observation of actin retraction, HaCaT cells were seeded onto BD FalconTM Cul-

tureSlides (VWR International, Germany) with a density of 2.4 · 104 cells/cm2 using 

DMEM High Glucose supplemented with FBS (10 %), penicillin (100 U/mL) and strepto-

mycin (0.1 mg/mL). The cells were incubated for 24 h at 37 °C, 95 % humidity and 8.5 % 

CO2 before exchanging the culture medium and adding human sera in a 1:20 dilution. Af-

ter incubation for another 24 hours, CultureSlides were washed two times with PBS, one 

time with acetone and fixed in fresh acetone for 10 min. Then they were washed with pro-

tecting solution (EUROIMMUN, Germany), air-dried and subjected to immunofluores-

cence staining (see chapter 3.4.2) using phalloidin-TRITC. 

3.10.2 Anti-Dsg3 Antibodies 

HaCaT cells were seeded onto BD FalconTM CultureSlides (VWR International, Ger-

many) with a density of 2.4 · 104 cells/cm2 using DMEM High Glucose supplemented with 

FBS (10 %), penicillin (100 U/mL) and streptomycin (0.1 mg/mL). The cells were incu-

bated for 24 h at 37 °C, 95 % humidity and 8.5 % CO2 before adding human sera to the 

medium in a 1:20 dilution. After another 48 h-cultivation, the cells were fixed and stained 

as described in chapter 3.4.2. For primary detection, a monoclonal antibody directed 
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against human Dsg3 was used (dilution: 1:50). As secondary antibody, an anti-mouse IgG 

cyanine 2 (Cy2) conjugate was applied (dilution: 1:200). 

3.11 Software for Diagrams and Statistics 

Microsoft® Office Excel 2003 was used for calculations and generations of diagrams. 

For statistical tests and calculations, SigmaPlot 12 was used. 

 

23 



Results 

4. Results 

4.1 Properties of Different Adsorption Materials 

4.1.1 Coupling Efficiency of Dsg1(ec)-His and Dsg3(ec)-His 

There are many different solid supports available for immobilising proteins, peptides or 

small molecules. Most of them react with primary amino groups, carboxyl groups, alde-

hyde groups or sulfhydryl groups. To couple proteins via free carboxyl groups, the protein 

itself must be activated, for example by EDC and NHS[56]. This can lead to intra- or inter-

molecular reactions of the protein itself, which might be disadvantageous when handling 

big molecules such as Dsg1 and Dsg3. Aldehyde groups in proteins exist only in the car-

bohydrate chains of glycoproteins. Although Dsg1 and Dsg3 are glycosylated, the role of 

this modification for recognition by autoantibodies is not entirely clear. It has been re-

ported that epitopes on pemphigus antigens are glycosylation independent[7,9], but the ex-

pression of deglycosylated desmogleins was done in presence of tunicamycin, which only 

abolishes N-glycosylation. However, on both Dsg1 and Dsg3 there are several potential O-

glycosylation sites[25,134], which have not been investigated so far. Using aldehyde groups 

as targets for the coupling of desmogleins was, therefore, not considered. Finally, sulfhy-

dryl groups are important for the formation of disulfide bonds, and, this way, contribute to 

the conformation of proteins. Since in case of pemphigus antigens the correct folding of 

the proteins is necessary for antibody binding, coupling via sulfhydryl groups seemed quite 

risky. 

 Out of the portfolio of coupling reactions, immobilisation via primary amines was con-

sidered most promising. Six different preactivated solid supports were chosen for prelimi-

nary coupling tests: NHS-activated Sepharose, Toyopearl Tresyl, Toyopearl Carboxy, 

Toyopearl Formyl, AminoLink Plus agarose and UltraLink Biosupport. NHS-Sepharose is 

crosslinked agarose carrying NHS-groups. Toyopearls and the UltraLink Biosupport con-

sist of polyacrylamide and are activated by tresyl-groups (Toyopearl Tresyl), carboxy-

groups (Toyopearl Carboxy), aldehyde groups (Toyopearl Formyl) or azlactone groups 

(UltraLink). AminoLink Plus agarose is crosslinked agarose carrying aldehyde groups. 

Purified Dsg1(ec)-His and Dsg3(ec)-His were coupled to all these matrices with a den-

sity of 0.5 µg protein per µL solid support. This was the lowest possible coupling capacity 

stated by the manufacturers of the resins. Since Dsg1(ec)-His is barely stained by 

Coomassie blue, efficiency of the coupling reactions was monitored via Western blotting 

(Figure 6). 
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Figure 6: Recombinant desmogleins can be coupled to different solid supports 
Dsg1(ec)-His and Dsg3(ec)-His were immobilised on different preactivated solid supports with a density of 
0.5 µg protein per µL matrix. Control samples were taken before (a) and after coupling (b) for Westernblot 
analysis. Detection of the recombinant proteins was achieved with a monoclonal anti-His-tag antibody. The 
molecular weight standard is given on the left. Arrowheads show Dsg1(ec)-His and Dsg3(ec)-His, respec-
tively. Most efficient coupling of the proteins is indicated by asterisks. 

Samples were taken of the protein solutions before and after the reactions. They show 

that coupling onto NHS-Sepharose and AminoLink Plus agarose was very efficient in case 

of both antigens, since after coupling both desmogleins were hardly detectable anymore in 

the reaction mix. It can be assumed that it is possible to bind even more than 0.5 µg protein 

per µL to these solid supports. Dsg1(ec)-His was immobilised to a high extent onto 

Toyopearl Formyl, whereas after coupling of Dsg3(ec)-His to this matrix, there was still an 

considerable amount of antigen left. Reaction of both desmogleins with the UltraLink resin 

resulted in even more residual protein in the coupling solution, indicating a non-exhaustive 

reaction. Coupling to Toyopearl Carboxy led to the appearance of protein bands of high 

molecular weight in the blot analysis. This might be a result of insufficient washing of the 

matrix after activation with EDC and NHS. Remainders of these substances might have led 

to crosslinking of protein molecules with themselves. 

4.1.2 Adsorption Performance of Different Dsg Matrices 

Since coupling efficiency is not necessarily proportional to adsorption capacity of the 

immobilised protein, all Dsg matrices were subjected to adsorption of pemphigus sera. 

Different PF and PV sera were pooled and incubated with the Dsg matrices. A serum-

matrix ratio of 2:1 was used. After adsorption, the amount of anti-Dsg1 and anti-Dsg3 an-

tibodies was measured using anti-Dsg1 or anti-Dsg3 ELISA, respectively (Figure 7). 

Concerning anti-Dsg1 IgG, their amount was reduced to 55-71 % after adsorption on 

Dsg1 Toyopearl Carboxy, Dsg1 Toyopearl Formyl, Dsg1 agarose and Dsg1 UltraLink. 

Adsorption on Dsg1 Toyopearl Tresyl resulted in a decrease of the anti-Dsg1 titre to 33 % 
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compared to the antibody level before adsorption. Dsg1 Sepharose was most efficient in 

binding anti-Dsg1 antibodies, leaving only 14 % of these IgG in the sera pool. 

Least efficient Dsg3 matrices were Dsg3 Toyopearl Carboxy and Dsg3 Toyopearl For-

myl with a reduction of the amount of anti-Dsg3 antibodies to 44 and 45 %, respectively. 

All other Dsg3 matrices were able to decrease the anti-Dsg3 antibody level to less than 

10 %. 

Adsorption of Pemphigus Sera on Different Dsg 
Matrices
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Figure 7: Pemphigus sera can be adsorbed on different Dsg matrices 
A pool of 11 pemphigus sera (anti-Dsg1 titre: 379 U/ml, anti-Dsg3 titre: 336 RU/ml) was adsorbed on 
Dsg1(ec)-His and Dsg3(ec)-His coupled to different solid supports (n = 1). 50 µL sera pool were adsorbed on 
25 µL matrix. After adsorption, the amount of anti-Dsg IgG in the flow-through was measured by anti-Dsg1 
or anti-Dsg3 ELISA, respectively, and set in relation to the amount of anti-Dsg IgG prior adsorption (100 %). 

In these preliminary experiments, NHS-Sepharose was by far the most effective solid 

support for immobilisation of Dsg1(ec)-His and binding of anti-Dsg1 IgG. In case of 

Dsg3(ec)-His, four matrices came into consideration: NHS-Sepharose, Toyopearl Tresyl, 

AminoLink Plus agarose and UltraLink Biosupport. To further specify the binding capaci-

ties of these four solid supports, coupling of Dsg3(ec)-His was repeated. Immobilisation of 

0.5 µg protein per µL matrix did not reach the coupling capacity of the chosen materials, 

thus, the quantity of antigen subjected to the reaction was doubled for the following ex-

periment. Then different amounts of a PV sera pool were processed with the Dsg3 adsorb-

ers: five, ten and fifteen matrix volumes. Reduction of the anti-Dsg3 antibody level was 

confirmed via anti-Dsg3 ELISA (Figure 8). 

Adsorption of five matrix volumes of PV sera pool led to nearly total removal of anti-

Dsg3 IgG by Dsg3 Sepharose, Dsg3 Toyopearls and Dsg3 agarose. Dsg3 UltraLink was 

only capable of an antibody reduction to 31 %. After adsorption of ten volumes of sera 

pool, Dsg3 Sepharose and agarose decreased the amount of anti-Dsg3 IgG to less than 

10 %, whereas adsorption capacity of the other resins was exceeded (> 25 % residual anti-

Dsg3 IgG). Fifteen volumes of sera pool went beyond the binding capacity of all matrices. 
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Adsorption on Dsg3 Matrices
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Figure 8: Large amounts of PV sera can be adsorbed on NHS-Sepharose and AminoLink Plus agarose 
Dsg3(ec)-His was coupled onto different preactivated solid supports with a density of 1 µg protein per µL 
matrix. Different volumes of a pool of 15 PV sera (titre: 537 RU/ml) were adsorbed on these matrices 
(n = 1). After adsorption, the amount of Dsg3-antibodies in the flow-through was measured by anti-Dsg3 
ELISA and set in relation to the amount of Dsg3-antibodies prior adsorption (100 %). 

Dsg3 Sepharose and Dsg3 agarose were most efficient in binding anti-Dsg3 antibodies. 

Tresyl Toyopearls and UltraLink Biosupport were excluded from all further experiments. 

Taking the results of the testing of matrices for both desmogleins together, NHS-

activated Sepharose is a suitable activated solid support to couple Dsg1(ec)-His and 

Dsg3(ec)-His for immunoadsorption purposes. AminoLink Plus agarose was able to bind 

both antigens with high efficiency, but adsorption of autoantibodies was only successful in 

case of Dsg3(ec)-His. This was intriguing at first, because Dsg1(ec)-His and Dsg3(ec)-His 

are very similar to each other (sequence identity: 47.1 %, sequence similarity: 63.0 %) and 

coupling and adsorption conditions were identical. This oddity was cleared later on by the 

observation that Dsg1(ec)-His is more sensitive to changes in pH than Dsg3(ec)-His. So-

dium cyanoborohydride, which is added to the coupling solution, is stored in a 1 M sodium 

hydroxide solution to prevent emission of hydrocyanic acid. Apparently, this raised the pH 

of the coupling solution in a way that it damaged the conformation of Dsg1(ec)-His. The 

problem could be solved by increasing the concentration of HEPES in the coupling buffer 

from 10 to 50 mM. This way, very good antibody binding of Dsg1 agarose could be 

achieved, too (see chapter 4.1.3). 

4.1.3 Effect of Optimised Coupling Conditions 

After NHS-Sepharose and AminoLink Plus agarose were chosen for further coupling 

experiments, the optimal protein load with respect to adsorption capacity had to be deter-

mined. Therefore, different amounts of the recombinant desmogleins were coupled to both 

solid supports (Figure 9). 
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Figure 9: Dsg1(ec)-His can be coupled more efficiently to AminoLink Plus agarose than to NHS-
activated Sepharose 
Different amounts of Dsg1(ec)-His were immobilised on NHS-activated Sepharose and AminoLink Plus 
agarose. Control samples were taken before and after coupling for Westernblot analysis. Detection of the 
protein was achieved with a monoclonal anti-His-tag antibody. The molecular weight standard is given on the 
left. Arrowheads show Dsg1(ec)-His. Exceedance of coupling capacity is indicated by asterisks. 

Concerning the coupling of Dsg1(ec)-His to NHS-Sepharose, it was observed that, even 

when coupling only 1 µg Dsg1(ec)-His per µL solid support, the reaction was not exhaus-

tive. After coupling, there was still a small fraction of protein detectable by Western blot-

ting. Consistent with this, after coupling of bigger amounts of Dsg1(ec)-His, the remaining 

protein portion was higher. The same effect occurred when immobilising the antigen on 

AminoLink Plus agarose, with the difference that saturation of the matrix was not reached 

until a coupling amount of 2 µg protein per µL solid support. 

Although Dsg1(ec)-His could not be immobilised quantitatively, all of the differently 

loaded Dsg1 matrices were used for adsorption of PF sera pools.  
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Figure 10: Optimisation of Dsg1 Sepharose 
A pool of 7 PF sera (titre: 538 RU/ml) was adsorbed on differently loaded Dsg1 Sepharose (200 µL sera pool 
per 20 µL resin). After adsorption, the amount of anti-Dsg1 antibodies in the flow-through was measured by 
anti-Dsg1 ELISA and set in relation to the amount of anti-Dsg1 antibodies before adsorption (100 %). A 
protein load of 3 µg Dsg1(ec)-His per µL Sepharose is sufficient for adsorption of PF sera (n = 1). 
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Adsorption on Dsg1 Sepharose was inefficient compared with previous results (Figure 

10). This is caused by the use of different sera pools. The pool utilised in this experiment 

had a very high anti-Dsg1 titre, which led to excess of the adsorption capacity of the resin. 

The amount of anti-Dsg1 IgG differed only slightly after adsorption of the sera pool 

onto Sepharose coupled with 3 µg/µL (55 %), 5 µg/µL (50 %) and 10 µg/µL (48 %). Since 

there was no considerable improvement of the adsorption capacity even when much more 

protein was applied, a coupling concentration of 3 µg Dsg1(ec)-His per µL Sepharose was 

used from hereon. 
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Figure 11: Optimisation of Dsg1 agarose 
A pool of 9 PF sera (titre: 359 RU/ml) was adsorbed on differently loaded Dsg1 agarose (200 µL sera pool 
per 20 µL resin). After adsorption, the amount of anti-Dsg1 IgG in the flow-through was measured by anti-
Dsg1 ELISA and set in relation to the amount of anti-Dsg1 IgG before adsorption (100 %). Best adsorption 
results were achieved with a protein load of 5 µg Dsg1(ec)-His per µL agarose (n = 1).  

Adsorption on Dsg1 agarose was more efficient the more antigen had been used for 

coupling (Figure 11). The residual amount of anti-Dsg1 IgG decreased from 41 % after 

adsorption on agarose loaded with 1 µg/µL Dsg1 to 8 % after adsorption on agarose loaded 

with 5 µg/µL. When the coupling solution contained enough protein to load 10 µg per µL 

matrix, adsorption capacity dropped. 36 % of anti-Dsg1 antibodies were left in this sample. 

An explanation for this might be that steric hindrance occurred because of the high density 

of Dsg1(ec)-His molecules on the solid support. It is possible that the binding of anti-Dsg1 

antibodies conceals epitopes of neighbouring molecules at this protein density. 

The smallest amount of anti-Dsg1 IgG was detected after adsorption of the sera pool on 

Dsg1 agarose loaded with 5 µg protein per µL resin. For this reason and in light of the re-

sults of the optimisation of Dsg3 agarose, all further experiments were done with this cou-

pling concentration. 

Dsg3 matrices were optimised in the same way as Dsg1 resins: Dsg3(ec)-His was cou-

pled to NHS-Sepharose and AminoLink Plus agarose using different protein-matrix ratios 
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and then these solid phases were subjected to adsorption. This time, an artificial sera pool 

(see chapter 3.2) was used to minimise deviations between different experiments. 

The results of the analysis of the coupling procedures (Figure 12) show that loading ca-

pacity of NHS-Sepharose was exceeded when 1 µg Dsg3(ec)-His was added to 1 µL resin. 

The residual amount of protein after coupling increased with the applied starting amount. 

The same effect was observed concerning the immobilisation on AminoLink Plus agarose, 

but the antigen was detectable in the reaction mix only when 3 µg/µL or more where im-

mobilised. Therefore, capacity of this solid support for coupling of Dsg3(ec)-His is higher 

than that of NHS-Sepharose. 
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Figure 12: Dsg3(ec)-His can be coupled more efficiently to AminoLink Plus agarose than to NHS-
activated Sepharose 
Different amounts of Dsg3(ec)-His were immobilised on NHS-activated Sepharose and AminoLink Plus 
agarose. Control samples were taken before and after coupling for Westernblot analysis. Detection of the 
protein was achieved with a monoclonal anti-His-tag antibody. The molecular weight standard is given on the 
left. Arrowheads shows Dsg3(ec)-His. Exceedance of coupling capacity is indicated by asterisks. 
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Figure 13: Optimisation of Dsg3 Sepharose 
The artificial PV pool was adsorbed on differently loaded Dsg3 Sepharose (200 µL sera pool per 20 µL 
resin). After adsorption, the amount of anti-Dsg3 IgG in the flow-through was measured by anti-Dsg3 ELISA 
and set in relation to the amount of anti-Dsg3 IgG before adsorption (100 %). A protein load of 3 µg 
Dsg1(ec)-His per µL Sepharose is sufficient for adsorption of PF sera (n = 1). 

Increasing amounts of protein led to increasing adsorption capacity of Dsg3 Sepharose 

(Figure 13). The residual anti-Dsg3 titre dropped from 38 % to 15 % when protein concen-
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tration was raised from 1 µg/µL to 3 µg/µL. Sepharose loaded with 4, 5 or 10 µg Dsg3 per 

µL matrix adsorbed anti-Dsg3 IgG to a remain of 13 %, 15 % and 16 %, respectively. 

Analogous to Dsg1 Sepharose, the optimal ratio between protein consumption and adsorp-

tion efficiency was reached at a starting concentration of 3 µg Dsg3(ec)-His per µL Sepha-

rose. 
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Figure 14: Optimisation of Dsg3 Agarose 
The artificial PV pool was adsorbed on differently loaded Dsg3 agarose (200 µL sera pool per 20 µL resin). 
After adsorption, the amount of anti-Dsg3 IgG in the flow-through was measured y anti-Dsg3 ELISA and 

ore adsorption (100 %). Mean values of two independently 

The residual portion of anti-Dsg3 antibodies dropped with increasing protein concentra-

tio

 repro-

du

 b
set in relation to the amount of anti-Dsg3 IgG bef
conducted experiments are diagrammed. Indicated by error bars are standard deviations. Best adsorption 
results were achieved with a protein load of 5 µg Dsg1(ec)-His per µL agarose. 

Figure 14 shows the results of the adsorption of the artificial sera pool on Dsg3 agarose. 

ns (1 to 5 µg/µL) from 36 % to 15 %, with one exception: At a starting concentration of 

3 µg Dsg3(ec)-His per µL agarose, some kind of “pessimum“ of the coupling reaction 

seemed to occur. The amount of anti-Dsg3 IgG that were left after adsorption was with 

29 % higher than after adsorption on Dsg3 agarose produced with 2 µg or 4 µg protein per 

µL solid support (27 % and 19 %, respectively). Repetition of the experiment yielded the 

same results. Comparable to the adsorption on Dsg1 agarose, a protein load of 10 µg per 

µL resin decreased the antibody binding capacity. In this case, 30 % of anti-Dsg3 IgG re-

mained. A coupling concentration of 5 µg Dsg3 per µL agarose was most efficient in ad-

sorbing anti-Dsg3 IgG, therefore, this amount was applied for further experiments. 

After determining the optimal Dsg loading for NHS-activated Sepharose and Amino-

Link Plus agarose, adsorption was repeated with the artificial sera pools to show

cibility and to point out differences between the two solid supports. The PF pool was 

adsorbed on Dsg1 Sepharose and Dsg1 agarose, whereas the PV pool was processed with 

Dsg3 Sepharose and Dsg3 agarose (Figure 15). 
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The remaining anti-Dsg titre ranged from 14 % to 26 % compared to the amount of IgG 

before adsorption. Therefore, it could be shown that anti-Dsg antibodies can be removed 

by using Dsg1(ec)-His or Dsg3(ec)-His coupled to both resins. AminoLink Plus agarose 

was slightly more efficient than NHS-Sepharose. Although this was highly significant 

(p < 0.005 and p < 0.001, respectively), both activated solid supports were used for further 

experiments, because NHS-Sepharose has some advantages with respect to the coupling 

procedure (less protein, faster, no toxic reagents). 
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Figure 15: Adsorption on optimised Dsg1 and Dsg3 matrices is highly efficient 
Dsg1(ec)-His and Dsg3(ec)-His were coupled under optimised conditions to NHS-Sepharose and AminoLink 
Plus agarose. Afterwards, the artificial PF sera pool was adsorbed on Dsg1 matrices and the artificial PV sera 

r adsorption, the amount 

After proving the principle of removing anti-Dsg antibodies via adsorption on different 

n was specific. Specificity 

me

 

with Dsg1(ec)-His on the one hand and blocked with ethanolamine or Tris on the other 

pool was processed with Dsg3 matrices (200 µL sera pool per 20 µL adsorber). Afte
of anti-Dsg1 and anti-Dsg3 IgG in the flow-through was measured by anti-Dsg1 or anti-Dsg3 ELISA, respec-
tively, and set in relation to the amount of IgG before adsorption (100 %). Mean values of three independent 
experiments are diagrammed. Indicated by error bars are standard deviations. 

4.1.4 Specificity of the Prototypic Immunoadsorbers 

Dsg matrices, it was very important to know if this adsorptio

ans that 

a) adsorption of anti-Dsg antibodies is caused by the recombinant desmogleins and 

not by the solid supports, and that 

b) Dsg matrices do only bind anti-Dsg antibodies, but not immunoglobulins di-

rected against other target proteins.

To address this issue, both NHS-Sepharose and AminoLink Plus agarose were loaded 

hand (empty Sepharose/agarose). Blocking the solid supports was done to saturate amino 

reactive groups on the surface of the carbohydrate beads. This way, the resins were made 

inert without coupling any protein. After generating these matrices, the artificial PF sera 
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pool was adsorbed on them and the amount of IgG was determined by ELISA as usual 

(Figure 16). 

The level of anti-Dsg1 antibodies was lowered to 25 % and 15 % after adsorption on 

Dsg1 Sepharose and agarose, respectively, but only to 94 % after adsorption on blocked 

resins. In both cases, this difference between Dsg1 matrix and blocked matrix was highly 

significant (p < 0.001). Therefore, anti-Dsg1 antibodies in this sera pool specifically bind 

Dsg1(ec)-His. 

Specificity of the Adsorption on Dsg1 Matrices
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Figure 16: Adsorption on Dsg1 matrices is specific 
Dsg1(ec)-His was coupled to NHS-Sepharose with a density of 3 µg protein per µL solid support and to 

in per µL solid support. As controls, empty Sepharose 

The level of anti-EBNA1 antibodies was measured in parallel. EBNA1 is the main anti-

ge

 by observing the overall levels of IgG in the course of the 

ad

AminoLink Plus agarose with a density of 5 µg prote
and agarose were used. Then the artificial PF sera pool was adsorbed on these matrices. Samples were taken 
before and after adsorption and were analysed by anti-Dsg1 ELISA and anti-EBNA1 ELISA. The amount of 
IgG after adsorption was set in relation to the amount of IgG before adsorption (100 %). Mean values of three 
independently conducted experiments are displayed. Indicated by error bars are standard deviations. 

n of Epstein-Barr virus (EBV), a γ-herpes virus. Antibodies against EBNA1 are suited as 

specificity control, because 95 % of all adults are seropositive with respect to EBV and 

most of them possess anti-EBNA1 antibodies[81]. The experiment displayed in Figure 16 

shows that the titre of anti-EBNA1 IgG did not change significantly despite adsorption 

(p > 0.05). This led to the conclusion that Dsg1 matrices as well as empty matrices do not 

bind pemphigus unrelated IgG. 

These results were confirmed

sorption procedure. For this experiment, a pool of ten PF sera was processed with Dsg1 

matrices. The artificial sera pool was not used because of its elevated IgG level compared 

to normal human serum. The amount of whole IgG as well as anti-Dsg1 IgG was deter-

mined by ELISA before and after adsorption (Figure 17). Consistent with previous ex-

periments, the portion of anti-Dsg1 antibodies dropped due to adsorption on Dsg1 matrices 
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to 12 % and 2 %. The total level of IgG did not change (97 % and 99 %). This showed 

again that Dsg1 matrices do not bind IgG apart from anti-Dsg1 antibodies. 
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Figure 17: Adsorption on Dsg1 matrices does not influence the concentration of total IgG 
A pool of 10 PF sera (titre: 324 RU/ml) was adsorbed on Dsg1 Sepharose and Dsg1 agarose (n = 1). Samples 
were taken before and after adsorption and were analysed by anti-Dsg1 ELISA and anti-human-IgG ELISA. 
The amount of IgG after adsorption was set in relation to the amount of IgG before adsorption (100 %). 

Concerning specificity of Dsg3 adsorbers, experiments were conducted in the same 

manner. First, Dsg 3 matrices and empty matrices were used for adsorption of the artificial 

PV sera pool. The levels of anti-Dsg3 and anti-EBNA1 IgG were determined before and 

after adsorption (Figure 18). Processing on Dsg3 matrices reduced the amount of anti-Dsg3 

antibodies to 21 % and 15 %, whereas adsorption on blocked solid supports led to a de-

crease of this antibody level to 90 % in both cases. Again, the difference in adsorption ca-

pacity of Dsg3 matrices and blocked matrices is highly significant (p < 0.001). 

Adsorption of anti-EBNA1 IgG to Dsg3 matrices did not occur (p > 0.05). Therefore, 

Dsg3 matrices are specific. This was confirmed by observing the amount of overall IgG 

before and after adsorption on these matrices (Figure 19). Anti-Dsg3 antibodies were re-

moved from a pool of 15 PV sera via adsorption on Dsg3 Sepharose and Dsg3 agarose. 

The remaining amount of anti-Dsg3 IgG was 4 % and 2 %. In contrast to this, the total of 

IgG did not change due to adsorption on Dsg3 matrices (96 % and 98 %). It can be con-

cluded that Dsg3 adsorbers do not bind IgG apart from Dsg3 specific ones. 
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Figure 18: Adsorption on Dsg3 matrices is specific 
Dsg3(ec)-His was coupled to NHS-Sepharose with a density of 3 µg protein per µL solid support and to 
AminoLink Plus agarose with a density of 5 µg protein per µL solid support. As controls, empty Sepharose 
and agarose were used. Then the artificial PV sera pool was adsorbed on these matrices. Samples were taken 
before and after adsorption and were analysed by anti-Dsg3 ELISA and anti-EBNA1 ELISA. The amount of 
IgG after adsorption was set in relation to the amount of IgG before adsorption (100 %). Mean values of three 
independently conducted experiments are displayed. Indicated by error bars are standard deviations. 
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Figure 19: Adsorption on Dsg3 matrices does not influence the concentration of total IgG 
A Pool of 15 PV sera (titre: 309 RU/ml) was adsorbed on Dsg3 Sepharose and Dsg3 agarose (n = 1). Samples 
were taken before and after adsorption and were analysed by anti-Dsg3 ELISA and anti-human-IgG ELISA. 
The amount of IgG after adsorption was set in relation to the amount of IgG before adsorption (100 %). 

4.1.5 Stability of Dsg Matrices during Regeneration 

Eukaryotic expression of proteins and their purification is expensive. It would be advan-

tageous to produce adsorbers that can be regenerated, both for use in research and in ther-

apy. The most common procedure to remove antibodies from their targets is elution with 

an acidic glycine buffer. This method was applied to Dsg1 and Dsg3 matrices. Artificial 

sera pools were processed with the adsorbers. Then Dsg matrices were regenerated and 
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again used for adsorption. This way, five adsorptions with fresh sera pool were done alto-

gether. 

Dsg1 Sepharose and Dsg1 agarose behave very similar with respect to their adsorption 

capacity (Figure 20). The residual amounts of anti-Dsg1 antibodies left in the artificial sera 

pool after adsorption increased by 30 % (from 25 to 55 %) in case of Dsg1 Sepharose and 

by 39 % (from 21 to 60 %) in case of Dsg1 agarose. Thereby, reduction of adsorption ca-

pacity was not continuous. There was a big leap between the first and second adsorption 

instead, whereas the differences between adsorption steps two till five were smaller. 
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Figure 20: Loss of adsorption capacity upon regeneration of Dsg1 matrices 
Dsg1 Sepharose and Dsg1 agarose were used for five adsorptions of the artificial PF pool. Between the ad-
sorption steps, Dsg1 matrices were regenerated with a glycine buffer (pH 2.5). After each adsorption, the 
amount of anti-Dsg1 IgG in the flow-through was measured by anti-Dsg1 ELISA and set in relation to the 
amount of anti-Dsg1 IgG before adsorption (100 %). Mean values of two independently conducted experi-
ments are shown. Indicated by error bars are standard deviations. 

Regarding Dsg3 adsorbers (Figure 21), the variation between the residual amount of 

anti-Dsg3 antibodies after the first and fifth adsorption was with 11 % (19 to 30 %) and 

12 % (16 to 28 %), respectively, much smaller compared to Dsg1 adsorbers. Again, differ-

ences between Sepharose and agarose were negligible. 

Since regeneration of Dsg3 matrices worked well over five cycles, reuse over 20 cycles 

was tried next (Figure 22). This is about the number of cycles necessary to treat one patient 

with conventional IgG adsorbers (one session). The results of the first five adsorptions 

were comparable to previous experiments (Figure 21). Unfortunately, capacity of the Dsg3 

matrices decreased with ongoing regenerations, meaning that the residual portion of anti-

Dsg3 antibody increased from step to step. After 14 adsorption and regeneration cycles, the 

binding capacity of the matrices reached a plateau, where around 45 % of the anti-Dsg3 

antibodies remained in the sera pool. 
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Figure 21: Dsg3 matrices can be regenerated 
Dsg3 Sepharose and Dsg3 Agarose were used for five adsorptions of the artificial PV pool. Between the 
adsorption steps, Dsg3 matrices were regenerated with glycine buffer (pH 2.5). After each adsorption, the 
amount of anti-Dsg3 IgG in the flow-through was measured by anti-Dsg3 ELISA and set in relation to the 
amount of anti-Dsg3 IgG before adsorption (100 %). Mean values of two independently conducted experi-
ments are shown. Indicated by error bars are standard deviations. 
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Figure 22: Antibody binding capacity decreases upon regeneration of Dsg3 matrices over 20 cycles 
Dsg3 Sepharose and Dsg3 agarose were used for 20 adsorptions of the artificial PV pool (n = 1). Between the 
adsorption steps, Dsg3 matrices were regenerated with glycine buffer (pH 2.5). After each adsorption, the 
amount of anti-Dsg3 IgG in the flow-through was measured by anti-Dsg3 ELISA and set in relation to the 
amount of anti-Dsg3 IgG before adsorption (100 %). 

Taken all findings together, acidic regeneration of Dsg matrices is possible, but not to a 

satisfying level. Other elution methods like high salt buffers or triethanolamine did not 

improve these results. Stabilising the antigens via intramolecular crosslinking was also 

tried, but was not successful. 

There are three possible reasons for the drop of performance of desmoglein adsorbers: 

I. The antigens or parts of them are released from the solid supports. 
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II. Anti-Dsg antibodies are eluted insufficiently and block the binding of other anti-

bodies. 

III. Certain conformational epitopes are destroyed in the course of regeneration. 

To rule out the first possibility, a monoclonal anti-His antibody was adsorbed five times 

on all matrices. However, the amount of deployed antibody was to low to get definite re-

sults. Due to the high cost of this method, I refrained from repeating the experiment. In-

stead, adsorptions of anti-Dsg rabbit sera were done. They recognise linear epitopes, there-

fore, repeated processing of these sera with regenerated Dsg matrices should yield equal 

results as long as the antigens do not leave the solid support. 

Adsorption of an anti-Dsg1 rabbit serum on Dsg1 matrices is displayed in Figure 23. 

Over five cycles, extinction of the flow through in ELISA analysis increased slightly from 

5 % to 9 % in case of Sepharose and from 6 % to 19 % in case of agarose. From these re-

sults, it cannot be concluded that Dsg1 is not cleaved from the resins, but it is obvious that 

the big deficit in matrix longevity, that was observed when processing the artificial PF 

pool, cannot be caused by antigen loss alone. 
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Figure 23: Stability of Dsg1 on the solid supports 
Dsg1 Sepharose and Dsg1 agarose were used for 5 adsorptions of an anti-Dsg1 rabbit serum (n = 1). Between 
adsorption steps, Dsg1 matrices were regenerated with glycine buffer (pH 2.5). After each adsorption, the 
amount of rabbit anti-Dsg1 IgG in the flow-through was measured by anti-Dsg1 ELISA. The absorbances of 
the samples taken after individual adsorption steps were set in relation to the absorbance before adsorption 
(100 %). 

To test if anti-Dsg1 antibodies were insufficiently eluted, the following experimental 

setup was conducted: Two aliquots of each Dsg1 matrix were compared with respect to 

their adsorption capacity. One aliquot was used directly for adsorption of the artificial PF 

sera pool. On the other one, the serum of a healthy blood donor was adsorbed four times 

with intermediate and subsequent regeneration, before the artificial PF sera pool was proc-

essed. This way, influences of serum components and the regeneration procedure on ad-
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sorber matrices could be analysed while ruling out incomplete elution of anti-Dsg1 IgG, 

because the serum of the healthy blood donor did not contain such antibodies. 

The results of this experiment are shown in Figure 24. The residual amount of anti-Dsg1 

antibodies after adsorption on fresh Dsg1 matrices was with 35 % and 15 % considerably 

lower than after adsorption on the regenerated matrices, that left 56 % and 45 % of the 

anti-Dsg1 IgG in the sera pool. In fact, these results were well comparable to those ob-

tained by reusing Dsg1 matrices five times for adsorption of the artificial PF pool. This 

shows that the lack of reusability is not due to insufficient elution of anti-Dsg1 antibodies. 

Therefore, the hypothesis that some epitopes are destroyed by the regeneration procedure 

is the most likely one for the explanation of the loss of binding capacity upon regeneration 

of Dsg1 adsorbers. 
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Figure 24: Loss of binding capacity of Dsg1 matrices is not caused by insufficient elution 
One aliquot of each Dsg1 matrix was subjected to direct adsorption of the artificial PF sera pool (no regen-
eration), another aliquot was used for four adsorptions of a serum of a healthy blood donor and one adsorp-
tion of the artificial PF pool (four regenerations) (n = 1). Between the adsorption steps, antibodies were 
eluted with glycine buffer (pH 2.5). After each adsorption of the PF pool, the amount of anti-Dsg1 IgG in the 
flow-through was measured by anti-Dsg1 ELISA and set in relation to the amount of IgG before the adsorp-
tion (100 %). 

Concerning Dsg3 adsorbers, experiments were conducted in the same way. Figure 25 

shows the results of the adsorption of an anti-Dsg3 rabbit serum. Relative absorbance in 

the anti-Dsg3 ELISA of the flow through increased from 42 % to 45 % in both cases. Com-

pared to the adsorption of the artificial PV sera pool (Figure 21), loss of adsorption capac-

ity is smaller. Similar to the adsorption of a rabbit serum on Dsg1 matrices, it cannot be 

absolutely excluded by these results that Dsg3(ec)-His dissociated from the solid support. 

But if a fraction of the antigen leaves the resin, the percentage is very low. 

Next, insufficient elution of anti-Dsg3 antibodies had to be investigated by adsorbing 

the serum of a healthy blood donor on Dsg3 matrices. After four cycles of adsorption and 

regeneration, the artificial PV pool was processed with these matrices. The flow through 
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was compared with a flow through of the PV sera pool adsorbed on fresh Dsg3 matrices 

(Figure 26). 
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Figure 25: Stability of Dsg3 on the solid supports 
Dsg3 Sepharose and Dsg3 agarose were used for 5 adsorptions of an anti-Dsg3 rabbit serum (n = 1). Between 
the adsorption steps, Dsg1 matrices were regenerated with glycine buffer (pH 2.5). After each adsorption, the 
amount of rabbit anti-Dsg3 IgG in the flow-through was measured by anti-Dsg1 ELISA. The absorbances of 
the samples taken after individual adsorption steps were set in relation to the absorbance before adsorption 
(100 %). 
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Figure 26: Loss of binding capacity of Dsg3 matrices is not caused by insufficient elution 
One aliquot of each Dsg3 matrix was subjected to direct adsorption of the artificial PV sera pool (no regen-
eration), another aliquot was used for four adsorptions of a serum of a healthy blood donor and one adsorp-
tion of the artificial PV pool (four regenerations) (n = 1). Between the adsorption steps, antibodies were 
eluted with glycine buffer (pH 2.5). After each adsorption of the PV pool, the amount of anti-Dsg3 IgG in the 
flow-through was measured by anti-Dsg3 ELISA and set in relation to the amount of IgG before adsorption 
(100 %). 

Dsg3 Sepharose showed a 21 % difference in adsorption capacity of fresh matrix com-

pared to regenerated matrix (16 % to 37 %). This is in line with the results obtained from 

repeated adsorption of the artificial PV sera pool (Figures 21 and 22). The performance of 

regenerated Dsg3 agarose was nearly as good as the one of fresh matrix (16 % and 21 %). 
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Both observations exclude insufficiently eluted anti-Dsg3 antibodies as cause for the loss 

of adsorption capacity of Dsg3 matrices. Therefore, during acidic regeneration of Dsg3 

matrices, a subset of epitopes seems to be destroyed. 

4.2 Adsorption on Dsg Fragments 

Dsg1(ec)-His and Dsg3(ec)-His are large molecules and their conformation is appar-

ently not stable enough to withstand regeneration procedures. Taking into consideration 

that not all anti-Dsg antibodies are of pathogenic relevance[4,97], it might be possible that 

some epitopes of Dsg1 and Dsg3 are of no importance concerning therapeutical application 

of adsorbers. Potentially, reduction of the size of the antigens to promote their stability will 

not influence binding of pathogenic autoantibodies. Shortening both desmogleins on ge-

netic level was done. Since most epitopes of pemphigus autoantibodies are mapped to the 

N-terminal region of desmogleins (EC1 and EC2)[31,47,71,84,111,126,136], deletion of the C-

terminal domains seemed a suitable approach to narrow down immunodominant regions of 

Dsg1 and Dsg3. To avoid exclusion of important epitopes on other extracellular domains, 

which might be present despite the published literature, I wanted to express each of the 

extracellular domains individually. However, the signal sequence and the propeptide, that 

reside N-terminally of EC1, are of high importance with respect to correct processing and 

localisation of Dsg1 and Dsg3. Producing extracellular domains alone might have resulted 

in unpredictable effects on protein expression and localisation, as was observed in C-

cadherin deletion mutants[32]. To avoid this, individual extracellular domains were fused C-

terminally to EC1, which harboures signal sequence and propeptide. 
Table 4: Reactivity of Pemphigus sera with Dsg-deletion mutants 

Dsg1 reactive sera Dsg3 reactive sera
EC1-5 13/13 EC1-5 11/11 
EC1-4 12/13 EC1-4 11/11 
EC1-3 11/13 EC1-3 6/11 
EC1-2 0/13 EC1-2 2/11 
EC1 2/13 EC1 0/11 
EC1+3 0/13 EC1+3 0/11 
EC1+4 4/13 EC1+4 0/11 
EC1+5 12/13 EC1+5 0/11 
negative control 0/13 negative control 0/11 
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Figure 27: Immunofluorescence analysis of Dsg deletion mutants 
HEK 293T cells were seeded onto glass slides and transfected with plasmids coding for different Dsg dele-
tion proteins. Then the glass slides were submitted to BIOCHIP production as described in chapter 3.4. BIO-
CHIPs were incubated with anti-Dsg1 positive sera (A-H) or anti-Dsg3 positive sera (I-Q), respectively. A 
polyclonal goat anti-human IgG Cy2-conjugate was used as secondary antibody. A: Dsg1(ec)-TM; B: 
Dsg1_EC1-4_TM; C: Dsg1_EC1-3_TM; D: Dsg1_EC1-2_TM; E: Dsg1_EC1_TM; F: Dsg1_EC1+3_TM; G: 
Dsg1_EC1+4_TM; H: Dsg1_EC1+5_TM; I: Dsg3(ec)-TM; K: Dsg3_EC1-4_TM; L: Dsg3_EC1-3_TM; M: 
Dsg3_EC1-2_TM; N: Dsg3_EC1_TM; O: Dsg3_EC1+3_TM; P: Dsg3_EC1+4_TM; Q: Dsg3_EC1+5_TM.  

A total of seven recombinant variants of each Dsg were cloned: EC1-4, EC1-3, EC1-2, 

EC1, EC1+3, EC1+4 and EC1+5. These proteins were expressed with the authentic trans-

membrane domains of Dsg1 and Dsg3, respectively, for use in immunofluorescence stud-
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ies. This technique was chosen because it enables binding studies of proteins in their natu-

ral conformation and glycosylation without any artefacts caused by purification proce-

dures. All Dsg deletion mutants were transiently expressed in HEK 293T cells. Expression 

of the proteins was confirmed with rabbit sera (data not shown). The transfected cells were 

incubated with pemphigus sera and stained for immunofluorescence. Figure 27 shows rep-

resentative examples of observed autoantibody binding.  

Dsg1(ec)-TM and Dsg3(ec)-TM represented the full length extracellular domains (EC1-

5) of Dsg1 and Dsg3 and were used as positive controls. Indeed, all of the tested anti-Dsg1 

positive sera reacted with Dsg1(ec)-TM, and all tested PV sera stained Dsg3(ec)-TM 

(summary of results is given in Table 4). Both desmogleins were able to bind pemphigus 

autoantibodies down to EC1-3 upon C-terminal deletion. When Dsg1_EC1-2 was ex-

pressed, there was no signal with the anti-Dsg1 positive sera and only 2 of 11 PV sera re-

acted with Dsg3_EC1-2. This was unexpected, because EC1 and EC2 are said to be the 

regions containing most epitopes of both desmogleins. Dsg1_EC1 bound IgG of two sera. 

Dsg1_EC1+3 was unreactive, whilst Dsg1_EC1+4 could be stained with 4 anti-Dsg1 posi-

tive sera and Dsg1_EC1+5 with 12 of 13 sera. The one serum that did not bind to 

Dsg1_EC1+5 had a very low titre to begin with and did hardly react with the positive con-

trol (Dsg1(ec)-TM). Dsg3_EC1 showed no binding of human antibodies, as well as 

Dsg3_EC1+3, Dsg3_EC1+4 and Dsg3_EC1+5. 

The finding that Dsg1_EC1+5 bound anti-Dsg1 IgG of nearly all of the tested sera was 

probably due to correct folding of EC1 when expressed in fusion with EC5 (see 

Discussion). In the hope of covering additional epitopes on EC2, a protein consisting of 

Dsg1_EC1+2+5 was cloned and tested via immunofluorescence. Unfortunately, only 2 

samples of a collective of 24 anti-Dsg1 positive pemphigus sera showed binding of this 

protein, although 16 sera of this collective reacted with Dsg1_EC1+5 (Table 5, Figure 28). 

In a similar approach, EC5 of Dsg1 was fused to EC1 of Dsg3 in order to get a correctly 

folded EC1 domain of Dsg3. But this protein was not reactive with any of the 18 PV sera 

tested (Table 5, Figure 29). 
Table 5: reactivity of pemphigus sera with additional Dsg variants 

Dsg1 reactive sera Dsg3 reactive sera
EC1-5 24/24 EC1-5 18/18 
EC1+5 16/24 Dsg3_EC1+Dsg1_EC5 0/18 
EC1+2+5   2/24 negative control 0/18 
negative control 0/24   

 

Taken together, there was one Dsg1 deletion construct able to bind anti-Dsg1 autoanti-

bodies, namely Dsg1_EC1+5. In terms of Dsg3, no shortened protein reacted with pem-

phigus sera. 
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Figure 28: Dsg1_EC1+2+5 does not bind anti-Dsg1 IgG 
HEK 293T cells were seeded onto glass slides and transfected with plasmids coding for different Dsg dele-
tion proteins. Then the glass slides were submitted to BIOCHIP production as described in chapter 3.4. BIO-
CHIPs were incubated with anti-Dsg1 positive sera. A polyclonal goat anti-human IgG Cy2-conjugate was 
used as secondary antibody. A: Dsg1(ec)-TM; B: Dsg1_EC1+5_TM; C: Dsg1_EC1+2+5_TM. 

 

A

B  
Figure 29: Dsg3_EC1+Dsg1_EC5 does not bind anti-Dsg3 IgG 
HEK 293T cells were seeded onto glass slides and transfected with plasmids coding for different Dsg dele-
tion proteins. Then the glass slides were submitted to BIOCHIP production as described in chapter 3.4. BIO-
CHIPs were incubated with anti-Dsg3 positive sera. A polyclonal goat anti-human IgG Cy2-conjugate was 
used as secondary antibody. A: Dsg3(ec)-TM; B: Dsg3_EC1+Dsg1_EC5_TM. 

After discovering that Dsg1_EC1+5 was able to bind IgG of anti-Dsg1 positive sera, the 

next step was to create an adsorber based on this protein. To accomplish this, the trans-

membrane domain had to be removed from the C-terminus of the antigen and be replaced 

by a His-tag. This way, Dsg1_EC1+5 became soluble in aqueous buffers and was secreted 

into the cell culture supernatant by transfected HEK 293T cells. After purification via 

IMAC (see chapter 3.6), Dsg1_EC1+5_His was coupled to NHS-activated Sepharose and 

to AminoLink Plus agarose using the conditions established for Dsg1(ec)-His (see chapter 

4.1.3). 

Figure 30 shows the control Western blot for the coupling of the protein. After the im-

mobilisation reaction to NHS-Sepharose, there was no antigen detectable anymore, indicat-

ing complete binding of the used antigen. Coupling to AminoLink agarose was not exhaus-

tive, but the remaining amount of protein was small. Hence, both matrices bound 
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Dsg1_EC1+5-His very well. Probably, an even higher antigen load would have been pos-

sible, but for comparison with the full length extracellular domain of Dsg1, the same cou-

pling amount was used for both proteins. 

After coupling both Dsg1(ec)-His and Dsg1_EC1+5_His to NHS-Sepharose and Ami-

noLink Plus agarose, the artificial PF pool was adsorbed on these matrices (Figure 31). 

Adsorption on Dsg1_EC1+5 led to less decrease of the anti-Dsg1 IgG titre than adsorption 

on Dsg1(ec)-His. 64 % and 62 % of the antibodies remained in the flow through, respec-

tively, whereas Dsg1(ec)-His could lower the amount of anti-Dsg1 antibodies to 25 % and 

14 %. 
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Figure 30: Coupling of Dsg1_EC1+5 onto both solid supports is highly efficient 
Dsg1_EC1+5_His was immobilised on different preactivated solid supports with a density of 3 µg protein 
per µL NHS-Sepharose and 5 µg protein per µL AminoLink Plus agarose. Control samples were taken before 
and after coupling for Westernblot analysis. Detection of the recombinant protein was achieved with a mono-
clonal anti-His-tag antibody. The molecular weight standard is given on the left. Arrowheads show 
Dsg1_EC1+5_His. 
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Figure 31: Dsg1(ec)-His is more efficient in binding anti-Dsg1 IgG than Dsg1_EC1+5 
Dsg1(ec)-His and Dsg1_EC1+5_His were coupled to NHS-Sepharose with a density of 3 µg/µL solid support 
and to AminoLink agarose with a density of 5 µg/µL resin. The artificial PF sera pool was adsorbed on these 
matrices (n =3). After adsorption, the amount of anti-Dsg1 antibodies in the flow-through was measured by 
anti-Dsg1 ELISA and set in relation to the amount of anti-Dsg1 antibodies before adsorption (100 %). Dis-
played are mean values, indicated by error bars are standard deviations. 
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The difference in adsorption capacity is most likely caused by the fact that 

Dsg1_EC1+5 does not represent all epitopes present on the full length extracellular domain 

of Dsg1. Repeated adsorption of the sera pool on this protein did not result in further de-

crease of the amount of autoantibodies. Nevertheless, this reduction of the anti-Dsg1 titre 

would be sufficient if the antibodies not binding to Dsg1_EC1+5 were not pathogenic. 

4.3 Pathogenicity of Pemphigus Sera 

4.3.1 Acantholytical Effects of the Artificial PF Sera Pool 

To determine the pathogenic potential of anti-Dsg1 antibodies, an in vitro assay based 

on fragmentation of HaCaT cells can be used[35]. Sera or antibodies of pemphigus foliaceus 

patients are incubated with confluent cells for several hours. Then the keratinocyte 

monolayer is dispatched from the culture vessel and subjected to mechanical stress. If the 

cells have been treated with pathogenic antibodies, the monolayer dissociates into multiple 

fragments, whereas incubation with non-pathogenic antibodies or sera only causes slight 

fragmentation. 

The artificial PF sera pool was adsorbed on NHS-Sepharose and AminoLink agarose 

loaded with Dsg1(ec)-His or Dsg1_EC1+5_His as shown above. As a control, empty ma-

trices were used. The flow through of individual adsorptions was then tested in the cell 

fragmentation assay (Figure 32). 
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Figure 32: Adsorption on Dsg1 matrices decreases pathogenicity 
The artificial PF sera pool was adsorbed on solid supports loaded with Dsg1(ec)-His, Dsg1_EC1+5_His or 
no protein (empty matrices). The flow through as well as the untreated sera pool were used for fragmentation 
of HaCaT cells (see chapter 3.10.1). The serum of a healthy blood donor served as negative control. Dis-
played are mean values of the numbers of cell fragments (n = 3). Indicated by error bars are standard devia-
tions. 
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Adsorption of the sera pool on Dsg1(ec)-His significantly reduced the degree of cell 

fragmentation compared to untreated sera pool (Sepharose: p < 0.05; agarose: p < 0.001). 

This shows that adsorption of anti-Dsg1 IgG on the full length extracellular domain of 

Dsg1 decreases the pathogenicity of the antibody solution. In contrast to this, adsorption on 

blocked matrices caused no significant reduction of the number of cell fragments 

(p > 0.05). Processing with Dsg1_EC1+5 matrices reduced cell fragmentation, but this was 

only significant in case of Dsg1_EC1+5 agarose (p < 0.01). In comparison to the adsorp-

tion on Dsg1(ec)-His, the sera pool treated with Dsg1_EC1+5 Sepharose or agarose was 

more pathogenic. 

Interpreting the results of this in vitro assay, it became clear that, though Dsg1_EC1+5 

is able to bind pathogenic antibodies, there is also a portion of pathogenic IgG recognising 

epitopes outside EC1+5. Because of this, using this deletion variant of Dsg1 for therapeuti-

cal application was not considered any further. 

The cell fragmentation assay permits quantification of pathogenicity, but has the disad-

vantage of high variation and bad reproducibility. In order to find another means of detect-

ing pathogenic activity of anti-Dsg1 antibodies, two pathways involved in acantholysis 

were used as markers: phosphorylation of p38 MAPK and retraction of actin filaments. 

To detect increased phosphorylation of p38 MAPK, HaCaT cells were analysed by 

Western blotting after incubation with human sera. Phosphorylation of p38 MAPK was 

increased after incubation with the PV sera pool, but also after incubation with a serum of 

a healthy blood donor (Figure 33), and is, therefore, unspecific. 
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Figure 33: Phosphorylation of p38 MAPK in HaCaT cells upon incubation with human sera 
HaCaT cells were incubated with normal human serum, the artificial PF sera pool or the artificial PV sera 
pool, respectively. Untreated cells served as negative control. After 30 min, cells were harvested and sub-
jected to Westernblot analysis using an antibody specifically recognising phosphorylated p38 MAPK. The 
total amount of p38 MAPK was detected as loading control. The molecular weight standard is given on the 
left, arrowheads show phospho-p38 MAPK or p38 MAPK. 

Reorganisation of actin filaments was visualised via immunofluorescence (Figure 34). 

In negative controls (Figure 34A and B), actin was located along the cell borders. The 
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same staining pattern was observed in HaCaT cells treated with the artificial PF sera pool. 

Only cells incubated with the artificial PV sera pool showed retracted actin fibres. 

Phosphorylation of p38 MAPK and retraction of actin were not suitable to detect patho-

genic effects of anti-Dsg1 IgG. Thus, no improved quality of information regarding patho-

genic anti-Dsg1 autoantibodies could be achieved. 

 

A B C D  
Figure 34:  Actin reorganization in HaCaT cells as consequence of incubation with pathogenic sera 
HaCaT cells were incubated with human sera for 24 h and stained with phalloidin-TRITC to detect actin 
fibres. A: negative control; B: normal human serum; C: artificial PF sera pool; D: artificial PV sera pool. A, 
B and C show normal distribution of actin along the cell membrane, whereas in D the membrane pattern is 
dissolved and actin is retracted into the cytoplasm. 

4.3.2 Acantholytical Effects of the Artificial PV Sera Pool 

The cell fragmentation assay can also be used to evaluate pathogenicity of anti-Dsg3 an-

tibodies[61]. However, since this assay shows bad reproducibility, a different approach was 

chosen. HaCaT cells express much more Dsg3 than Dsg1, enough to visualise it via indi-

rect immunofluorescence. Although Dsg1 can be detected in HaCaT cells under certain 

culture conditions[35], in these cases the cells do not form monolayers. They grow in kind 

of “stacks” [own observations], which is unsuitable for immunofluorescence studies. 

Incubation of HaCaT cells with pathogenic anti-Dsg3 antibodies leads to clustering and 

degradation of Dsg3 that can be observed by immunofluorescence staining[29,34,132]. Based 

on this finding, an in vitro pathogenicity assay was developed[132]. This assay was modified 

for the requirements of this study. 

HaCaT cells were incubated with serum samples and subsequently fixed and stained 

with a monoclonal anti-Dsg3 antibody (Figure 35). In untreated HaCaT cells, Dsg3 was 

homogenously distributed along the cell membrane in most cells, forming a netlike pattern 

with some extensions into the cells (Figure 35A). The same distribution of Dsg3 was ob-

served in HaCaT cells pre-treated with normal human serum or with the artificial PF sera 

pool (Figure 35B and C). In contrast to this, incubation of the cells with the artificial PV 

sera pool led to an overall decrease of fluorescence intensity (Figure 35D). Dsg3 was 

hardly detectable in most cells. Still existing membrane staining was not homogenous any-

more, but clustered with gaps between the individual fluorescing dots. These hallmarks of 

pathogenicity were not present when keratinocytes were treated with PV pool adsorbed on 

Dsg3 matrices (Figure 35E and F), indicating that pathogenic autoantibodies had been re-

moved. After pre-treatment with artificial PV pool adsorbed on empty solid supports 
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(Figure 35G and H), Dsg3 staining of HaCaT cells did not show differences to the pattern 

observed after incubation with the unadsorbed sera pool. 

These findings demonstrate that pathogenic anti-Dsg3 antibodies can be removed by ad-

sorption on Dsg3 Sepharose and Dsg3 agarose, but not by adsorption on blocked matrices.  
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Figure 35: Reorganisation of Dsg3 in HaCaT cells 
The artificial PV pool was adsorbed on different matrices. Then HaCaT cells were incubated with these sam-
ples for 48 h and subsequently fixed and stained with an anti-Dsg3 antibody. A: negative control; B: healthy 
blood donor; C: artificial PF pool; D: artificial PV pool before adsorption; E: artificial PV pool, adsorbed on 
Dsg3-Sepharose; F: artificial PV pool, adsorbed on Dsg3-agarose; G: artificial PV pool, adsorbed on blocked 
NHS-Sepharose; H: artificial PV pool, adsorbed on blocked AminoLink Plus agarose. 

4.3.3 Acantholytical Effects of IgG4 Depleted PV Sera Pool 

It could be shown that Dsg adsorbers are capable of specifically binding anti-Dsg 

autoantibodies and that adsorption reduces pathogenicity of pemphigus sera. However, as 

has been demonstrated above, regeneration of Dsg adsorbers is associated with problems 

most likely resulting from instability of the antigens. To avoid high production costs, more 

stable proteins are needed. Since no Dsg deletion mutant could be found that was able to 

bind all pathogenic autoantibodies, removal of anti-Dsg antibodies via their Fc-part was 

considered. 
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Anti-Dsg IgG in pemphigus patients belong mainly to the subclasses IgG1 and 

IgG4[22,41,51,116]. Evidence is accumulating that IgG4 directed against desmogleins are of 

more pathogenic relevance than IgG1[15,22,41,41,50,116,129]. In addition, IgG4 is the least abun-

dant of the four IgG subclasses[87]. Therefore, removing IgG4 from pemphigus sera seemed 

a rational therapeutical approach for these patients. 

To accomplish this, a monoclonal antibody directed against the Fc-part of human IgG4 

was coupled to NHS-Sepharose. 4 µg of the antibody per µL Sepharose could be coupled 

with high efficiency, since the amount of protein in the control sample of the reaction was 

decreased to almost the detection level (Figure 36). 
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Figure 36: Coupling of an anti-human IgG4 antibody to NHS-activated Sepharose 
A monoclonal antibody directed against the Fc-part of human IgG4 was coupled to NHS-activated Sepharose 
with a density of 4 µg protein per µL solid support. Before and after coupling, samples were taken and ana-
lysed by Coomassie staining. The molecular weight standard is given on the left, arrowheads indicate the 
positions of heavy and light chain of the antibody. Protein concentration is significantly decreased after the 
coupling procedure. 

After successful coupling, a small volume of the artificial PV sera pool was adsorbed on 

anti-IgG4 Sepharose to remove all IgG4 antibodies. The amount of IgG directed against 

Dsg3 (whole IgG and IgG4) was measured by ELISA (Figure 37). Anti-Dsg3 IgG4 could 

be removed almost completely, whereas 27 % of the overall IgG directed against Dsg3 still 

resided in the sera pool. In conclusion, this means that 73 % of the anti-Dsg3 IgG in this 

sera pool belong to the IgG4 subclass. 

To determine the pathogenicity of the adsorbed sera pool, the immunofluorescence as-

say already used in chapter 4.3.2 was carried out (Figure 38). Negative controls (Figure 

38A and B) show the typical membrane staining of Dsg3. Upon pre-incubation with un-

treated PV sera pool (Figure 38C), Dsg3 became clustered and immunofluorescence inten-

sity was considerably weaker compared to the controls. When the PV pool was adsorbed 

on anti-IgG4 Sepharose, it still caused gaps in the membrane staining and low fluorescence 

intensity (Figure 38D). This indicates that pathogenicity of the sera pool could not be abol-

ished despite the almost complete removal of anti-Dsg3 IgG4. Eluted anti-Dsg3 IgG4 led 

to an immunofluorescence pattern exhibiting all features of pathogenicity: decreased fluo-
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rescence intensity of Dsg3, clustering and gaps along the cell membrane (Figure 38E). This 

clearly demonstrates that anti-Dsg3 IgG4 are pathogenic, but not the only cause of Dsg3 

degradation and acantholysis. 

Adsorption of the PV Sera Pool on Anti-IgG4 
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Figure 37: IgG4 can be removed from the artificial PV sera pool 
The artificial PV sera pool was adsorbed on an anti-human IgG4 antibody coupled to NHS-activated Sepha-
rose (50 µL serum per 25 µL matrix, n = 1). The flow-through was analysed by anti-Dsg3 ELISA. As secon-
dary antibody, a POD-conjugate directed against the Fc-part of all human IgG was used on the one hand, on 
the other hand a conjugate specific for human IgG4 alone was utilised. The absorbance of the samples after 
adsorption was set in relation to the absorbance of the samples taken before adsorption (100 %). After ad-
sorption, there was hardly any anti-Dsg3 specific IgG4 detectable. 

 

A B

C D E  
Figure 38: Pathogenicity of the PV sera pool after removal of IgG4 
The artificial PV pool was adsorbed on anti-IgG4 Sepharose, incubated with HaCaT cells and stained with an 
anti-Dsg3 antibody. A: negative control; B: healthy blood donor; C: artificial PV pool before adsorption; D: 
artificial PV pool after adsorption; E: eluted antibodies. 

Summing up these data, anti-IgG4 adsorbers would presumably be able to remove most 

of the pathogenic autoantibodies of PV patients, but not all of them. Thus, the idea of using 

anti-IgG4 antibodies was not pursued. 

4.4 Extraction of anti-Dsg IgG from Individual Pemphigus Sera 

After every attempt to use more stable proteins for the development of immunoadsorb-

ers than Dsg1(ec)-His and Dsg3(ec)-His had failed, it was decided to utilise these recombi-
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nant desmoglein variants despite their disadvantages. After all, Dsg1(ec)-His and 

Dsg3(ec)-His had proven to be both very effective and specific with regard to the binding 

of anti-Dsg antibodies in the artificial sera pools. 

Since most experiments up to this point had been carried out with artificial sera pools, it 

was very interesting to see if these results would be transferable to individual patients. To 

analyse this, ten sera of PF and PV patients each had been collected and were adsorbed on 

the respective Dsg matrices. 

The results of the ELISA analysis of the adsorbed PF sera are displayed in Figure 39. 

From those sera with a low titre (PF3 and PF7), anti-Dsg1 IgG could be removed nearly 

completely with both Dsg1 Sepharose and Dsg1 agarose. With all other sera, Dsg1 agarose 

was clearly more efficient than Dsg1 Sepharose. Residual anti-Dsg1 titres ranged from 

14 % to 90 % after adsorption on Dsg1 Sepharose, whereas Dsg1 agarose was able to de-

crease anti-Dsg1 IgG to < 1 % to 40 %. It was noticed that the residual portion of anti-

Dsg1 antibodies after adsorption did not necessarily correlate with the anti-Dsg1 titre be-

fore adsorption, as one would have expected. For example, in PF9 there were less autoan-

tibodies left after adsorption on Dsg1 Sepharose (46 %) than in PF1 (57 %) or PF10 

(61 %), although the starting titre was with 315 RU/mL considerably higher than that of 

PF1 and PF10 (195 and 265 RU/mL). 
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Figure 39: Differences in the adsorption of individual PF sera on Dsg1 matrices 
Ten PF sera were adsorbed on Dsg1 Sepharose and Dsg1 agarose (n = 1 for each serum). Before and after 
adsorption, the sera were analysed by anti-Dsg1 ELISA. The amount of anti-Dsg1 IgG after adsorption was 
set in relation to the amount before adsorption (100 %). Numbers above the green columns represent the anti-
Dsg1 titre in RU/mL before adsorption. 

Similar effects were observed during the adsorption of PV sera, although they were less 

prominent (Figure 40). The serum with the highest anti-Dsg3 titre was PV1 with 

602 RU/mL, but after adsorption, the residual amount of anti-Dsg3 antibodies was less 
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than 5 % independent of the used solid support. There were some sera with lower starting 

titre than PV1, but more residual anti-Dsg3 IgG after adsorption: PV5 (2/10 %), PV8 

(10/19 %) and PV10 (2/16 %). 

Adsorption of Individual PV Sera on Dsg3 Matrices
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Figure 40: Differences in the adsorption of individual PV sera on Dsg3 matrices 
Ten PV sera were adsorbed on Dsg3 Sepharose and Dsg3 agarose (n = 1 for each serum). Before and after 
adsorption, the sera were analysed by anti-Dsg3 ELISA. The amount of anti-Dsg3 IgG after adsorption was 
set in relation to the amount before adsorption (100 %). Numbers over the green columns represent the anti-
Dsg3 titre in RU/mL before adsorption. 

Both Dsg3 adsorbers were able to decrease the residual anti-Dsg3 titre to less than 20 % 

in all sera. There were differences between adsorption efficiency on Dsg3 Sepharose and 

Dsg3 agarose, but no matrix was better in all cases. In fact, half of these sera could be ad-

sorbed more efficiently on Dsg3 Sepharose, whereas for the other half Dsg3 agarose would 

be the more appropriate matrix. 

Although the performance of Dsg1 and Dsg3 adsorbers differed with respect to individ-

ual pemphigus sera, there was no serum that was “resistant” to antibody removal. It can be 

concluded that immunoadsorption worked with all tested samples. In some patients, how-

ever, it would be necessary to use a higher amount of Dsg matrix to remove all anti-Dsg 

antibodies. Concerning adsorption on Dsg1, AminoLink Plus agarose seems much better 

suited as solid support than NHS-activated Sepharose. 
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5. Discussion 

5.1 Properties of Recombinant Desmogleins 

The extracellular domains of Dsg1 and Dsg3 are the primary targets of autoantibodies in 

pemphigus diseases. In order to bind these antibodies, recombinant desmogleins represent-

ing the complete extracellular domains were immobilised onto six different solid supports 

and tested with respect to their adsorption capacity (chapters 4.1.1 and 4.1.2). Anti-Dsg3 

IgG could be adsorbed efficiently with two of the six tested solid supports, namely NHS-

activated Sepharose and AminoLink Plus agarose. In contrast to this, in preliminary ex-

periments only NHS-Sepharose was capable of binding anti-Dsg1 IgG to a similar extent. 

The cause for the differences in the behaviour of Dsg1 and Dsg3 matrices in adsorption is 

unknown, but it is likely that the conformation of Dsg1(ec)-His is more sensitive to cou-

pling conditions (e.g. pH) than that of Dsg3(ec)-His. Loss of natural conformation, in turn, 

most likely leads to less binding of autoantibodies. By quintupling the buffer concentration 

in the AminoLink coupling solution, it was possible to stabilise the pH and immobilise 

Dsg1(ec)-His in a way that binding of anti-Dsg1 IgG was as efficient as on Dsg1 Sepha-

rose. 

Dsg Sepharose and Dsg agarose were optimised regarding the ratio of coupled antigen 

and bound IgG (chapter 4.1.3). The higher the antigen load on both solid supports, the 

lower were residual amounts of anti-Dsg antibodies, although immobilisation of Dsg1(ec)-

His and Dsg3(ec)-His was incomplete at high concentrations. This might be due to the fact 

that nucleophilic substitutions are basically equilibrium reactions. They are pushed towards 

the formation of products when the amount of educts is raised. Therefore, one can assume 

that the actual protein load of the solid supports can be influenced even after apparent satu-

ration of the matrices is reached. 

Although it has not been described in the literature, it became apparent in the course of 

this work that the extracellular domain of Dsg1 is considerably more instable than that of 

Dsg3. During elution of anti-Dsg1 IgG from the adsorbers, the antigen was damaged in a 

way that led to less binding of autoantibodies (chapter 4.1.5). Although this was also ob-

served with respect to Dsg3 matrices, the decrease in adsorption capacity was considerably 

smaller in these cases. Since neither separation of the antigens from the solid phases nor 

incomplete elution of autoantibodies are the cause for the loss of adsorption performance, 

damage of conformational epitopes is the most likely explanation for the lacking stability 

of Dsg (especially Dsg1) adsorbers. 

Instability of Dsg1(ec)-His was not only observed during adsorption and regeneration 

studies, but also in everyday procedures. For example, Dsg1(ec)-His does not endure 
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freeze-thawing cycles in simple aqueous buffers. At least 20 % of glycerol have to be 

added to the storage buffer to retain antibody binding activity of the protein. Dsg3(ec)-His 

does not need such additives. 

The cause for this difference of the two antigens might lie in their EC5 domains. EC5 of 

Dsg1 is an atypically short membrane proximal extracellular domain, whereas EC5 of 

Dsg3 shows limited sequence homology to cadherin domains[90]. Up to now, no crystal 

structure of Dsg1 or Dsg3 has been described, but from immunofluorescence studies of 

Dsg deletion mutants (see chapter 4.2), it can be concluded that EC5 influences folding of 

cadherin domains and that the effects of EC5 on the conformation differ between Dsg1 and 

Dsg3. This is based upon the following findings: 

I. All tested Dsg1 deletion mutants contained EC1, but only Dsg1_EC1-5, EC1-4 

and EC1+5 showed reactivity with nearly all tested PF sera, indicating that folding 

of EC1 is influenced by the C-terminus of the protein. 

II. Dsg1_EC1+5 bound PF antibodies in considerably more cases than 

Dsg1_EC1+2+5. Also, Dsg1_EC1-4 showed antibody binding in most samples. 

This makes the presence of relevant epitopes on EC5 unlikely. 

III. In contrast to Dsg1_EC1+5, Dsg3_EC1+5 did not react with patients’ sera. Since 

the EC1 domains of both desmogleins share 73 % amino acid sequence identity, 

this difference is most likely caused by the EC5 domains. 

In previous reports, it was already assumed that the three-dimensional structure of the 

extracellular domains of Dsg1 and Dsg3 cannot be achieved in recombinant C-terminally 

truncated mutant proteins[47,111]. Although Müller et al. performed epitope mapping studies 

with single EC domains of Dsg3, binding activity of their protein variants to PV sera did 

not change in ELISA studies even after denaturing the proteins[85]. This indicates that the 

recognised epitopes were not conformational to begin with and that acquiring correctly 

folded EC domains of Dsg3 was not successful by expressing single domains alone. 

Importance of the membrane proximal extracellular domains is underlined by another 

study, in which the authors investigated dimerisation and adhesion of C-cadherin mutants. 

They observed less binding of C-cadherin EC1-2 compared to EC1-5 in bead aggregation 

assays, although EC4 and EC5 did not seem to take part in homophilic C-cadherin interac-

tions[32]. The authors concluded that EC1 and EC2 are not sufficient for effective aggrega-

tion activity, but it might as well be that these two N-terminal domains were not correctly 

folded due to the missing C-terminus. These facts lead to the conclusion that expression of 

all EC domains of Dsg1 and Dsg3 is necessary to represent all epitopes relevant for 

autoantibody binding. 

55 



Discussion 

Although it would be sufficient to remove only pathogenic antibodies, which might be 

achieved by just a few epitopes, it has been reported that several apathogenic mouse anti-

Dsg3 antibodies can cause dissociation of keratinocytes when used in combination[68]. 

Therefore, displaying pathogenically irrelevant epitopes in addition to pathogenic ones on 

an adsorber seems to be the safest approach for therapeutical applications. In addition, sev-

eral attempts to represent Dsg epitopes that have been carried out together with our coop-

eration partners, have failed. This includes a peptide array derived from the Dsg3 amino 

acid sequence[1,42] and homology modelling of Dsg3 in order to map immunodominant 

regions [O. Kreuzer, peptides&elephants, personal communication]. Peptide phage display 

with a random peptide database was also tried. This method can be used to enrich and se-

quence peptides or proteins specifically binding to a certain ligand[59]. M13 phages present-

ing cyclic 7mer peptides were panned against purified anti-Dsg antibodies in order to find 

amino acid sequences displaying the surface of important Dsg epitopes. Unfortunately, it 

was not possible to enrich phages carrying such mimotopes in this approach, probably due 

to the multitude of epitopes recognised by anti-Dsg antibodies. 

The best expression systems to represent all epitopes of a human protein are human 

cells. In this study, HEK 293T cells were used because they can easily be transfected. But 

producing proteins in these cells has some major drawbacks. First, the cell culture medium 

is expensive and not suitable for production of certified medical devices, since it contains 

FBS. Second, protein yields are quite low compared to other expression systems. Espe-

cially when keeping in mind that Dsg adsorbers might have to be developed as single use 

devices, high amounts of recombinant desmogleins will be needed. Therefore, one has to 

consider the use of a different expression system. Bacteria or yeast are inappropriate, be-

cause they are not able to reproduce the authentic conformation and glycosylation of 

mammalian proteins. A frequently used expression system in Dsg research is the baculovi-

rus system. Insect cells are infected with recombinant baculoviruses carrying the coding 

sequence of Dsg1 or Dsg3. This allows antigen production in high amounts and with low 

expenses[86]. However, posttranslational alterations of the proteins can only be done to a 

certain extent. When expression of exogenous antigens is too high, the endogenous ma-

chinery for posttranslational modifications is unable to manage processing all mole-

cules[86]. This can lead to incomplete cleavage of the propeptide in case of desmogleins[112]. 

This might be disadvantageous regarding the use of those proteins in therapeutic adsorp-

tions, since it has been shown that cleavage of the propeptides from desmogleins results in 

increased binding of pathogenic antibodies from both mice and humans[112,136]. This prob-

lem can be overcome by coexpression of Dsg1 and Dsg3 with furin, the protease that 
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cleaves desmogleins from their propeptides. Experiments to switch desmoglein production 

to such a baculovirus system are currently under way. 

5.2 Specificity of Desmoglein Adsorbers 

Adsorption of anti-Dsg matrices proved to be highly specific, since the amount of pem-

phigus unrelated IgG was not influenced (chapter 4.1.4). Measurement of total IgG levels 

also indicated that the percentage of anti-Dsg antibodies is very low compared to the whole 

of IgG. To determine the exact ratio between anti-Dsg and non-anti-Dsg IgG, however, 

different tests would have to be conducted. Adsorption on Dsg matrices are not the appro-

priate way to address this matter, because it cannot be excluded that hydrophobic antibod-

ies (anti-Dsg as well as non-anti-Dsg) stick to the surface of reaction tubes or the carbohy-

drate supports. 

Every immunoadsorption device used at present binds either all immunoglobulins or a 

whole Ig subclass. Although this has the advantage of utilising one device for a variety of 

applications (e.g. rheumatoid arthritis, dilative cardiomyopathy, antibody mediated rejec-

tion of grafts, Goodpasture syndrome, systemic lupus erythematosus, bullous autoimmune 

dermatoses[26,104,140]), antibodies necessary for immune defence are removed in addition to 

those that cause diseases. Patients have to be supplied with intravenous IgG subsequent to 

immunoadsorption to avoid severe infections in some cases[43]. To circumvent these side 

effects, one focus in the development of Dsg matrices was maximum specificity. The goal 

of adsorbing only anti-Dsg antibodies without influencing pemphigus irrelevant IgG was 

reached. With this, patients will have to suffer less side effects. 

Often, a feedback-induced rebound of autoantibody synthesis occurs in pemphigus pa-

tients treated with unspecific immunoadsorption due to the decreased levels of total 

IgG[13,43]. This was not observed in patients with dilative cardiomyopathy who underwent 

specific immunoadsorption for five consecutive days to remove antibodies directed against 

the β1-adrenergic receptor. After treatment, the level of anti-β1-adrenergic antibodies was 

decreased to approximately 20 % and did not rise again over a follow-up period of 

12 month, during which no further immunoadsorption was administered[104]. Hopefully, 

anti-Dsg IgG will behave similar. 

5.3 Pathogenicity of Adsorbed Pemphigus Sera 

Pathogenicity of the artificial sera pools in in vitro assays was significantly reduced 

upon adsorption on Dsg matrices (chapter 4.3). Thereby, adsorbed sera were still more 

pathogenic than control sera. In the cell fragmentation assay, the number of cell fragments 

could not be decreased to control levels, and in case of Dsg3 adsorbers, individual cells 

showed small gaps in the Dsg3 immunofluorescence pattern. This was most likely caused 
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by the fact that the sera pools still contained about 20 % of anti-Dsg antibodies. It can be 

assumed that complete removal of pemphigus autoantibodies will completely abolish 

pathogenic effects in these assays. Experiments done at the Department of Dermatology 

and Venerology showed that individual pemphigus sera completely depleted of anti-Dsg 

IgG by use of the adsorbers at hand did not cause cell fragmentation or Dsg3 degradation 

anymore [J. Dworschak, personal communication]. 

Concerning anti-Dsg3 antibodies, the established immunofluorescence assay is mean-

ingful and definite. Unfortunately, this assay cannot be transferred to anti-Dsg1 antibodies 

because of the low expression levels of Dsg1 in cultured keratinocytes. In order to avoid 

the imprecision implicated with the cell fragmentation assay, several attempts were made 

to develop an alternative pathogenicity assay. By detection of phosphorylation of 

p38 MAPK, no correlation between incubation with the artificial pemphigus sera pools and 

increased phosphorylation of p38 MAPK could be observed. Increased amounts of phos-

pho-p38 MAPK have been described upon incubation with pemphigus sera in primary 

keratinocytes and in mice[17,19,20]. Also, extracts of perilesional skin of pemphigus patients 

showed this increased phosphorylation[17]. In all cases, normal keratinocytes are involved 

in the process of acantholysis. HaCaT cells, however, are an immortalised cell line show-

ing some differences in differentiation and proliferation compared to primary keratino-

cytes[39]. It is possible that some pathways activated in primary cells upon contact with 

anti-Dsg IgG do not exist in HaCaT cells or are used to a lesser extent. Although in another 

study elevated levels of phospho-p38 MAPK were detected in HaCaT cells, too[119], the 

effect was much less prominent than in the previous works with primary cells. In addition, 

lower pathogenicity of the pemphigus sera used compared to those in the published litera-

ture might have prevented successful pursuit of this pathway in my work. 

In a second approach, reorganisation of the actin skeleton upon incubation of pemphi-

gus sera was used as criterion[131]. Unfortunately, retraction of actin fibres could only be 

observed after incubation with PV sera. PF sera had no effect on the distribution of actin 

filaments, probably due to the low expression rate of Dsg1 in HaCaT cells. 

Low levels of endogenous Dsg1 in this cell line have repeatedly been a hindrance in re-

search. For dissection of the effects of anti-Dsg1 antibodies in vitro, a stable, keratinocyte 

derived cell line is needed. For example, one could use lentiviral or adenoviral transduction 

to introduce Dsg1 under the control of a more active promoter into HaCaT cells. Preferen-

tially, a simultaneous knock down of Dsg3 should be done to prevent compensation of the 

two proteins[76,114]. A HaCaT derived cell line expressing only little Dsg3, but instead Dsg1 

at normal Dsg3 levels, could be a powerful tool in pemphigus research. So far, no such 

attempts have been done. The keratinocyte dissociation assay introduced by Ishii et al.[61], 
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therefore, remains the only established in vitro assay to examine the pathogenicity of anti-

Dsg1 antibodies. 

An alternative to in vitro pathogenicity assays is subcutaneous injection of pemphigus 

sera or antibodies into neonatal mice[5,8]. The mice develop blisters if injected antibodies 

are pathogenic. It is intended to test pemphigus sera adsorbed on Dsg matrices in this 

mouse model in cooperation with the Institute of Dermatology and Venerology at the Uni-

versity of Lübeck in the near future. 

These in vivo studies will also be necessary to determine whether epitopes destroyed 

during regeneration procedures of the Dsg matrices bind pathogenic antibodies. IgG bind-

ing to conformational epitopes are considered to be related to acantholysis[52,97]. However, 

even if epitopes of pathogenic relevance depend on the conformation of the desmogleins, 

they might not necessarily be sensitive to acidic elution of antibodies. Examination of sera 

adsorbed on regenerated Dsg matrices will show if IgG not recognised anymore by 

Dsg1(ec)-His or Dsg3(ec)-His are capable of inducing blisters. If they are not, it would still 

be possible to develop Dsg adsorbers as multiple use devices. 

As substitute for the instable full length extracellular domains of Dsg1 and Dsg3, an 

anti-human IgG4 antibody was coupled to NHS-activated Sepharose. This was promising 

because anti-Dsg3 antibodies of the IgG4 subclass have been reported to predominate in 

patients with active PV[15,22]. Furthermore, anti-Dsg1 antibodies in PV belong to the IgG4 

subclass[41] and in endemic PF, an increase of the amount of anti-Dsg1 IgG4 is associated 

with the onset of disease[129]. Pemphigus autoantibodies mediate their pathogenic effects 

independently of their Fc portions[44,62,79,97], but IgG1 and IgG4 antibodies seem to differ 

with respect to their recognised epitopes[51,116]. Unfortunately, removing IgG4 from the 

artificial PV sera pool was not sufficient to prevent Dsg3 degradation in the in vitro assay. 

Although most anti-Dsg3 antibodies could be removed with the anti-IgG4 adsorber, the 

remaining IgG were still pathogenic. This clearly shows that other IgG apart from IgG4 are 

capable of inducing acantholysis. Though in part contradictory to the findings described 

above, this is in line with the observation that anti-Dsg1 antibodies of the IgG1 subclass 

can induce experimental PF[52]. For this reason, adsorption of IgG4 from the artificial PF 

sera pool was not done. 

5.4 Differences between Adsorptions of Individual Sera 

When sera of individual pemphigus patients were adsorbed on matrices loaded with 

Dsg1(ec)-His or Dsg3(ec)-His, all of these sera showed a clear reduction of the amount of 

anti-Dsg antibodies (chapter 4.4). This suggests that specific anti-Dsg immunoadsorption 

would be applicable to all PF and PV patients. From sera with a low starting amount of 

anti-Dsg antibodies (< 100 RU/ml), these IgG could be removed nearly completely. Con-
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cerning sera with median and high titres of autoantibodies, the residual quantity of anti-

Dsg IgG did not necessarily correlate with the titre before adsorption. One would expect 

the anti-Dsg titre after adsorption to be the higher, the more anti-Dsg IgG were present 

before adsorption. This was indeed the case in some sera, but there were also samples with 

moderate anti-Dsg starting titres and comparably high residual amount of anti-Dsg IgG and 

vice versa. The reason for this might lie in different compositions of the antibodies with 

respect to the epitopes they recognise. IgG are large molecules with a molecular weight of 

approximately 144 kDa. Compared to this, Dsg1(ec)-His and Dsg3(ec)-His are relatively 

small (≈ 80 kDa). If epitopes recognised by one serum are clustered, for example, on the 

N-terminus of the antigen, binding of one antibody might prevent adsorption of other IgG 

due to steric hindrance. Spreading of recognised epitopes throughout the whole extracellu-

lar domains of desmogleins, on the other hand, enables more IgG molecules per Dsg mole-

cule to bind. Hence, more anti-Dsg antibodies can be removed with one adsorption step. 

Steric hindrance could be limited by site-specific (C-terminal) immobilisation of desmo-

gleins onto the solid supports and additional use of linkers[30]. This would be a challenging 

task in terms of desmogleins, because several chemical reactions of both solid supports and 

antigens would have to be carried out without damaging the conformation of the proteins. 

Interestingly, with some PV sera, adsorption was more efficient on Dsg3 agarose, 

whereas other PV sera could be better adsorbed on Dsg3 Sepharose. Derived from the as-

sumption that adsorption efficiency is related to the epitope recognition profile of anti-Dsg 

IgG, one could conclude that distinct epitopes are accessible upon coupling to the two ma-

trices. This might be a result of different pore sizes or densities of the reactive groups of 

the solid supports. Unfortunately, this will remain an assumption, since Fisher Scientific 

was not willing to release information regarding the structure and group density of Ami-

noLink Plus agarose. It might also be possible that the ligands have a different orientation 

on the matrix due to distinct salt concentrations and pH values during coupling. 

In terms of adsorption of PF sera, it was observed that Dsg1 agarose always performed 

better than Dsg1 Sepharose. Both activated solid supports react with primary amino 

groups, but conditions of coupling, washing and blocking are different. Washing of Dsg1 

matrices in particular might contribute to the different adsorption efficiency. Dsg1 agarose 

is washed with a high salt buffer, whereas for Dsg1 Sepharose an acidic acetate buffer 

(pH 4) is used. Since Dsg1(ec)-His is much more sensitive to acidic conditions than 

Dsg3(ec)-His, washing of Dsg1 Sepharose with a pH 4 buffer might cause lack of antibody 

binding compared to Dsg1 agarose. This effect is not present in Dsg3 matrices, probably 

due to higher stability of Dsg3(ec)-His. 
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Following this argumentation, using AminoLink Plus agarose for the development of 

Dsg1 adsorbers seems rational. However, NHS-activated Sepharose has some advantages. 

The coupling procedure is very fast and does not require toxic reagents, which have to be 

removed thoroughly before application on humans. Furthermore, the protein load neces-

sary for efficient adsorption is lower than that of AminoLink Plus agarose, which would 

make an adsorption device considerably cheaper and easier to produce. 

A big disadvantage of NHS-Sepharose is the fact that this solid support cannot be steril-

ised by autoclaving previous to coupling procedures. The NHS group hydrolyses from the 

matrix when exposed to high temperatures and water. Autoclaving Sepharose with coupled 

proteins is possible, but Dsg1(ec)-His and Dsg3(ec)-His did not survive this procedure in 

preliminary experiments [data not shown]. This leaves irradiation as only means to sterilise 

Dsg Sepharose. 

AminoLink Plus agarose itself cannot be autoclaved, too, but there are other aldehyde 

agarose resins available that are stable enough for these conditions (e.g. Actigel ALD by 

Sterogene Bioseparations). By using such a solid support, it would be possible to produce a 

sterile adsorption device when protein expression, purification and coupling are done in an 

aseptic environment. The premise for this is that autoclavable aldehyde agarose resins are 

as efficient as AminoLink Plus agarose. Experiments concerning this matter are already in 

progress. 

5.5 Future Aspects 

Apart from PF and PV, there are other pemphigus diseases during which antibodies di-

rected against Dsg1 and/or Dsg3 occur, e.g. PNP, pemphigus herpetiformis, IgA pemphi-

gus and drug induced pemphigus[80,115,123,138]. Out of this subset of pemphigus variants, 

especially PNP might be treated with Dsg adsorbers because of its severe pathogenesis and 

high mortality[110]. However, anti-Dsg antibodies are only detectable in a subgroup of pa-

tients. Further autoantibodies with pathogenic relevance seem to exist in these pemphigus 

variants. 

According to the coupling of Dsg1(ec)-His and Dsg3(ec)-His, various autoantigens may 

be immobilised onto activated solid supports in order to create specific adsorption devices. 

These might be used to catch additional autoreactive antibodies in pemphigus diseases (e.g. 

anti-desmocollin 3 IgG[78,103]) or to treat different autoimmune disorders. There are a num-

ber of illnesses for which one or few main autoantigens have been described. Although 

autoantibodies are not in all cases known as sole cause for clinical symptoms, in some dis-

eases the use of a specific immunoadsorption device would be promising. Bullous pemphi-

goid[40] (adsorber is already in development at EUROIMMUN), epidermolysis bullosa ac-

quisita[74], dilative cardiomyopathy[104,128], rheumatoid arthritis[69] and myasthenia gra-
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vis[23,36] are among them. Dsg adsorbers may serve as models and outrider projects for the 

creation of other specific immunoadsorbers. 

With the current status of development of Dsg matrices, ten volumes of serum or 

plasma can be adsorbed on one volume of solid phase. At least 2 L of patient plasma are 

processed during one apheresis session. Hence, a minimum of 200 mL per Dsg adsorber 

will be necessary, assuming that regeneration of the columns will not be applicable. De-

pending on the solid phase, 0.6 to 1 g of protein will be needed per column. Transfer of the 

current batch procedures to chromatography will hopefully increase the volume of serum 

that can be adsorbed on Dsg matrices, thus reducing the amount of protein needed per 

treatment to a feasible value.  

Using Dsg matrices for therapy of PF and PV patients has very good prospects, since 

they are specifically directed against the sole cause of blister formation. Influences on 

other parts of the immune system are not to be expected. This is an outstanding advantage 

compared to the current pemphigus therapy. Of course, effectiveness of the adsorption on 

Dsg matrices in human pemphigus patients still remains to be shown. From the in vitro 

assays, however, it can be assumed that specific immunoadsorption in PF or PV will lead 

to clinical improvement of patients that are otherwise therapy resistant. If the benefits of 

specific immunoadsorption have been demonstrated, it might even become a first line ther-

apy, sparing the patients systemic immunosuppression. Frequency of apheresis sessions 

will depend on the time needed for reproduction of new anti-Dsg antibodies, but the inter-

vals will most likely be wider than in common immunoadsorption. This will have to be 

determined in clinical trials. 
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6. List of Abbreviations 
AP alkaline phosphatase 

Cy2 cyanine 2 

DMEM Dulbecco’s Modified Eagle Medium 

DNA deoxyribonucleic acid 

dNTPs deoxynucleotide triphophates 

Dsg1 desmoglein 1 

Dsg3 desmoglein 3 

E. coli Escherichia coli 

EBNA1 Epstein-Barr virus nuclear antigen 1 

EBV Epstein-Barr virus 

EC extracellular domain 

EDC 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide 

ELISA enzyme linked immunosorbent assay 

FBS fetal bovine serum 

HRP horseradish peroxidase 

HSP heat shock protein 

IMAC immobilised metal ion affinity chromatography 

kb kilobasepairs 

KGM2 Keratinocyte Growth Medium 2 

LB Luria/Miller 

NHS N-hydroxysuccinimide 

p38 MAPK p38 mitogen-activating protein kinase 

PAGE polyacrylamide gel electrophoresis 

PBS phosphate buffered saline 

PCR polymerase chain reaction 

PF pemphigus foliaceus 

PNP paraneoplastic pemphigus 

POD peroxidase 

PV pemphigus vulgaris 

RU relative units 

scFvs single-chain variable-region fragments 

SDS sodium dodecylsulfate 

TM transmembrane domain 

TRITC tetramethylrhodamine isothiocyanate 

U units 

63 



Acknowledgements 

7. Acknowledgements 
I want to thank Prof. Dr. Winfried Stöcker for giving me this project. Thanks for super-

vising my work, thanks for the constructive inputs and for giving me the opportunity to do 

research while gaining insights into industrial processes. 

Very important for my work were Dr. Christian Probst and Dr. Lars Komorowski, who 

always were a source of advice. I have learned a lot during the last years thanks to them. 

Thanks to Prof. Dr. Jürgen Westermann of the Department of Anatomy, who agreed to 

be my supervisor at university. Of the Department of Dermatology, I want to thank Prof. 

Dr. Detlef Zillikens for his advice, Prof. Dr. Dr. Enno Schmidt for being my second super-

visor, Prof. Dr. Ralf Ludwig for letting me join the GRK and Dr. Jenny Dworschak for 

showing me how to do the keratinocyte dissociation assay. 

Many thanks to Dr. Michael Mersmann, who is an experienced scientist and important 

colleague in this project. Claudia Schwenne, Anke Rosemann, Christin Stegelmann, Dr. 

Inga-Madeleine Blöcker, Dr. Maja Erdmann, Thomas Nitzsche and Dr. Werner Dammer-

mann, thanks for the fruitful discussions. Swantje Mindorf and Bianca Teegen: thank you 

for lending me your expertise in immunofluorescence. 

I also want to thank the people in the laboratories of the departments of molecular biol-

ogy and immunobiochemical research at EUROIMMUN for their support and knowledge: 

Doreen Weigel, Ulrike Jennerjahn, Susann Günther, Beatrice Schneider, Sabrina Voigt, 

Jenny John, Meriam-Nisha Winterhoff, Nadine Rochow, Dr. Christiane Radzimski, Olaf 

Baasch, Anja Miercke, Sarah Konitzer, Anne-Kathrin Schulz, David Gräser, Sylvia Ols-

son, Beatrice Ziegler, Stephanie Niemann, Stephan Zitzewitz, Susann Malcharzcik, Antje 

Friedrich and Gabriela Rudat-Schmölcke. Thanks to Michael Wöhlke and Nadine Curic, 

too, who provided me with anti-Dsg ELISAs.  

 

Thoralf Altenburg took care of my need for movement. Thanks for that and for teaching 

me so much. 

Last, but definitely not least, I want to thank Micha. Thank you for always being by my 

side, for cheering me up, for believing in me and for enduring my bad mood when some-

thing went wrong at work. 

 

64 



References 

8. References 
 [1] Adler, J., Recke, A., Freitag, M., Schmidt, E., Ludwig, R., and Zillikens, D. Mapping of B-cell epi-

topes on desmoglein 3 in pemphigus vulgaris patients by the use of overlapping peptides. XXXVII. 
Jahrestagung der Arbeitsgemeinschaft Dermatologische Forschung, Lübeck; 2010. 

 [2] Alvarado-Flores E., Avalos-Díaz E., Díaz L. A., Herrera-Esparza R. Anti-idiotype antibodies neu-
tralize in vivo the blistering effect of Pemphigus foliaceus IgG. Scand. J. Immunol. 2001; 53:254-
258. 

 [3] Amagai M. Autoimmune and infectious skin diseases that target desmogleins. Proc. Jpn. Acad. Ser. 
B: Phys. Biol. Sci. 2010; 86:524-537. 

 [4] Amagai M., Ahmed A. R., Kitajima Y., Bystryn J. C., Milner Y., Gniadecki R., Hertl M., Pincelli 
C., Kurzen H., Fridkis-Hareli M., Aoyama Y., Frusic-Zlotkin M., Müller E., David M., Mimouni D., 
Vind-Kezunovic D., Michel B., Mahoney M., Grando S. Are desmoglein autoantibodies essential 
for the immunopathogenesis of pemphigus vulgaris, or just "witnesses of disease"? Exp. Dermatol. 
2006; 15:815-831. 

 [5] Amagai M., Hashimoto T., Green K. J., Shimizu N., Nishikawa T. Antigen-specific immunoadsorp-
tion of pathogenic autoantibodies in pemphigus foliaceus. J. Invest. Dermatol. 1995; 104:895-901. 

 [6] Amagai M., Hashimoto T., Shimizu N., Nishikawa T. Absorption of pathogenic autoantibodies by 
the extracellular domain of pemphigus vulgaris antigen (Dsg3) produced by baculovirus. J. Clin. 
Invest. 1994; 94:59-67. 

 [7] Amagai M., Ishii K., Hashimoto T., Gamou S., Shimizu N., Nishikawa T. Conformational epitopes 
of pemphigus antigens (Dsg1 and Dsg3) are calcium dependent and glycosylation independent. J. 
Invest. Dermatol. 1995; 105:243-247. 

 [8] Amagai M., Karpati S., Prussick R., Klaus-Kovtun V., Stanley J. R. Autoantibodies against the 
amino-terminal cadherin-like binding domain of pemphigus vulgaris antigen are pathogenic. J. 
Clin. Invest. 1992; 90:919-926. 

 [9] Amagai M., Klaus-Kovtun V., Stanley J. R. Autoantibodies against a novel epithelial cadherin in 
pemphigus vulgaris, a disease of cell adhesion. Cell 1991; 67:869-877. 

 [10] Angelini G., Bonamonte D., Lucchese A., Favia G., Serpico R., Mittelman A., Simone S., Sinha A. 
A., Kanduc D. Preliminary data on Pemphigus vulgaris treatment by a proteomics-defined peptide: 
a case report. J. Transl. Med. 2006; 4:43-49. 

 [11] Anhalt G. J. and Díaz L. A. Prospects for autoimmune disease: Research advances in pemphigus. 
JAMA 2001; 285:652-654. 

 [12] Aoyama Y. and Kitajima Y. Pemphigus vulgaris-IgG causes a rapid depletion of desmoglein 3 
(Dsg3) from the Triton X-100 soluble pools, leading to the formation of Dsg3-depleted desmosomes 
in a human squamous carcinoma cell line, DJM-1 cells. J. Invest. Dermatol. 1999; 112:67-71. 

 [13] Aoyama Y., Nagasawa C., Nagai M., Kitajima Y. Severe pemphigus vulgaris: successful combina-
tion therapy of plasmapheresis followed by intravenous high-dose immunoglobulin to prevent re-
bound increase in pathogenic IgG. Eur. J. Dermatol. 2008; 18:557-560. 

 [14] Avalos-Díaz E., Olague-Marchan M., López-Swiderski A., Herrera-Esparza R., Díaz L. A. Trans-
placental passage of maternal pemphigus foliaceus autoantibodies induces neonatal pemphigus. J. 
Am. Acad. Dermatol. 2000; 43:1130-1134. 

 [15] Ayatollahi M., Joubeh S., Mortazavi H., Jefferis R., Ghaderi A. IgG4 as the predominant autoanti-
body in sera from patients with active state of pemphigus vulgaris. J. Eur. Acad. Dermatol. 
Venereol. 2004; 18:241-242. 

 [16] Bektas M., Jolly P., Rubenstein D. S. Apoptotic pathways in pemphigus. Dermatol. Res. Pract. 2010; 
2010:1-8. 

65 



References 

 [17] Berkowitz P., Chua M., Liu Z., Díaz L. A., Rubenstein D. S. Autoantibodies in the autoimmune 
disease pemphigus foliaceus induce blistering via p38 mitogen-activated protein kinase-dependent 
signaling in the skin. Am. J. Pathol. 2008; 173:1628-1636. 

 [18] Berkowitz P., Díaz L. A., Hall R. P., Rubenstein D. S. Induction of p38MAPK and HSP27 phos-
phorylation in pemphigus patient skin. J. Invest. Dermatol. 2008; 128:738-740. 

 [19] Berkowitz P., Hu P., Liu Z., Díaz L. A., Enghild J. J., Chua M. P., Rubenstein D. S. Desmosome 
signaling. Inhibition of p38MAPK prevents pemphigus vulgaris IgG-induced cytoskeleton reorgani-
zation. J. Biol. Chem. 2005; 280:23778-23784. 

 [20] Berkowitz P., Hu P., Warren S., Liu Z., Díaz L. A., Rubenstein D. S. p38MAPK inhibition prevents 
disease in pemphigus vulgaris mice. Proc. Natl. Acad. Sci. U. S. A. 2006; 103:12855-12860. 

 [21] Beutner E. H. and Jordon R.E. Demonstration of skin antibodies in sera of pemphigus vulgaris pa-
tients by indirect immunofluorescent staining. Proc. Soc. Exp. Biol. Med. 1964; 117:505-510. 

 [22] Bhol K., Natarajan K., Nagarwalla N., Mohimen A., Aoki V., Ahmed A. R. Correlation of peptide 
specificity and IgG subclass with pathogenic and nonpathogenic autoantibodies in pemphigus vul-
garis: a model for autoimmunity. Proc. Natl. Acad. Sci. U. S. A. 1995; 92:5239-5243. 

 [23] Blaha M., Pit'ha J., Blaha V., Lanska M., Maly J., Filip S., Langrova H. Extracorporeal immu-
noglobulin elimination for the treatment of severe myasthenia gravis. J. Biomed. Biotechnol. 2010; 
2010:1-6. 

 [24] Blank M., Gisondi P., Mimouni D., Peserico A., Piaserico S., Shoenfeld Y., Reunala T., Zambruno 
G., Di Z. G., Girolomoni G. New insights into the autoantibody-mediated mechanisms of autoim-
mune bullous diseases and urticaria. Clin. Exp. Rheumatol. 2006; 24:S20-S25. 

 [25] Boggon T. J., Murray J., Chappuis-Flament S., Wong E., Gumbiner B. M., Shapiro L. C-cadherin 
ectodomain structure and implications for cell adhesion mechanisms. Science 2002; 296:1308-1313. 

 [26] Bosch T. Recent advances in therapeutic apheresis. J. Artif. Organs 2003; 6:1-8. 

 [27] Boukamp P., Petrussevska R. T., Breitkreutz D., Hornung J., Markham A., Fusenig N. E. Normal 
keratinization in a spontaneously immortalized aneuploid human keratinocyte cell line. J. Cell Biol. 
1988; 106:761-771. 

 [28] Caldelari R., de B. A., Baumann D., Suter M. M., Bierkamp C., Balmer V., Müller E. A central role 
for the armadillo protein plakoglobin in the autoimmune disease pemphigus vulgaris. J. Cell Biol. 
2001; 153:823-834. 

 [29] Calkins C. C., Setzer S. V., Jennings J. M., Summers S., Tsunoda K., Amagai M., Kowalczyk A. P. 
Desmoglein endocytosis and desmosome disassembly are coordinated responses to pemphigus 
autoantibodies. J. Biol. Chem. 2006; 281:7623-7634. 

 [30] Camarero J. A. Recent developments in the site-specific immobilization of proteins onto solid sup-
ports. Biopolymers 2008; 90:450-458. 

 [31] Chan P. T., Ohyama B., Nishifuji K., Yoshida K., Ishii K., Hashimoto T., Amagai M. Immune re-
sponse towards the amino-terminus of desmoglein 1 prevails across different activity stages in 
nonendemic pemphigus foliaceus. Br. J. Dermatol. 2010; 162:1242-1250. 

 [32] Chappuis-Flament S., Wong E., Hicks L. D., Kay C. M., Gumbiner B. M. Multiple cadherin ex-
tracellular repeats mediate homophilic binding and adhesion. J. Cell Biol. 2001; 154:231-243. 

 [33] Chernyavsky A. I., Arredondo J., Kitajima Y., Sato-Nagai M., Grando S. A. Desmoglein versus 
non-desmoglein signaling in pemphigus acantholysis: characterization of novel signaling pathways 
downstream of pemphigus vulgaris antigens. J. Biol. Chem. 2007; 282:13804-13812. 

 [34] Cirillo N., Femiano F., Gombos F., Lanza A. Serum from pemphigus vulgaris reduces desmoglein 3 
half-life and perturbs its de novo assembly to desmosomal sites in cultured keratinocytes. FEBS 
Lett. 2006; 580:3276-3281. 

66 



References 

 [35] Cirillo N., Gombos F., Lanza A. Changes in desmoglein 1 expression and subcellular localization in 
cultured keratinocytes subjected to anti-desmoglein 1 pemphigus autoimmunity. J. Cell. Physiol. 
2007; 210:411-416. 

 [36] Conti-Fine B. M., Milani M., Kaminski H. J. Myasthenia gravis: past, present, and future. J. Clin. 
Invest. 2006; 116:2843-2854. 

 [37] Culton D. A., Qian Y., Li N., Rubenstein D., Aoki V., Filhio G. H., Rivitti E. A., Díaz L. A. Ad-
vances in pemphigus and its endemic pemphigus foliaceus (Fogo Selvagem) phenotype: a paradigm 
of human autoimmunity. J. Autoimmun. 2008; 31:311-324. 

 [38] Delva E., Jennings J. M., Calkins C. C., Kottke M. D., Faundez V., Kowalczyk A. P. Pemphigus 
vulgaris IgG-induced desmoglein-3 endocytosis and desmosomal disassembly are mediated by a 
clathrin- and dynamin-independent mechanism. J. Biol. Chem. 2008; 283:18303-18313. 

 [39] Deyrieux A. F. and Wilson V. G. In vitro culture conditions to study keratinocyte differentiation 
using the HaCaT cell line. Cytotechnology 2007; 54:77-83. 

 [40] Di Zenzo G., Thoma-Uszynski S., Fontao L., Calabresi V., Hofmann S. C., Hellmark T., Sebbag N., 
Pedicelli C., Sera F., Lacour J. P., Wieslander J., Bruckner-Tuderman L., Borradori L., Zambruno 
G., Hertl M. Multicenter prospective study of the humoral autoimmune response in bullous pemphi-
goid. Clin. Immunol. 2008; 128:415-426. 

 [41] Ding X., Díaz L. A., Fairley J. A., Giudice G. J., Liu Z. The anti-desmoglein 1 autoantibodies in 
pemphigus vulgaris sera are pathogenic. J. Invest. Dermatol. 1999; 112:739-743. 

 [42] Dworschak J., Recke A., Freitag M., Ludwig R. J., Langenhan J., Kreuzer O. J., Zillikens D., 
Schmidt E. Mapping of B cell epitopes on desmoglein 3 in pemphigus vulgaris patients by the use of 
overlapping peptides. J. Dermatol. Sci. 2011; 65:102-109. 

 [43] Eming R. and Hertl M. Immunoadsorption in pemphigus. Autoimmunity 2006; 39:609-616. 

 [44] España A., Díaz L. A., Mascaro J. M., Jr., Giudice G. J., Fairley J. A., Till G. O., Liu Z. Mecha-
nisms of acantholysis in pemphigus foliaceus. Clin. Immunol. Immunopathol. 1997; 85:83-89. 

 [45] Eyre R. W. and Stanley J. R. Human autoantibodies against a desmosomal protein complex with a 
calcium-sensitive epitope are characteristic of pemphigus foliaceus patients. J. Exp. Med. 1987; 
165:1719-1724. 

 [46] Eyre R. W. and Stanley J. R. Identification of pemphigus vulgaris antigen extracted from normal 
human epidermis and comparison with pemphigus foliaceus antigen. J. Clin. Invest. 1988; 81:807-
812. 

 [47] Futei Y., Amagai M., Sekiguchi M., Nishifuji K., Fujii Y., Nishikawa T. Use of domain-swapped 
molecules for conformational epitope mapping of desmoglein 3 in pemphigus vulgaris. J. Invest. 
Dermatol. 2000; 115:829-834. 

 [48] Gliem M., Heupel W. M., Spindler V., Harms G. S., Waschke J. Actin reorganization contributes to 
loss of cell adhesion in pemphigus vulgaris. Am. J. Physiol. Cell Physiol. 2010; 299:C606-C613. 

 [49] Grando S. A., Pittelkow M. R., Shultz L. D., Dmochowski M., Nguyen V. T. Pemphigus: an unfold-
ing story. J. Invest. Dermatol. 2001; 117:990-995. 

 [50] Green M. G. and Bystryn J. C. Effect of intravenous immunoglobulin therapy on serum levels of 
IgG1 and IgG4 antidesmoglein 1 and antidesmoglein 3 antibodies in pemphigus vulgaris. Arch. 
Dermatol. 2008; 144:1621-1624. 

 [51] Hacker M. K., Janson M., Fairley J. A., Lin M. S. Isotypes and antigenic profiles of pemphigus 
foliaceus and pemphigus vulgaris autoantibodies. Clin. Immunol. 2002; 105:64-74. 

 [52] Hacker-Foegen M. K., Janson M., Amagai M., Fairley J. A., Lin M. S. Pathogenicity and epitope 
characteristics of anti-desmoglein-1 from pemphigus foliaceus patients expressing only IgG1 
autoantibodies. J. Invest. Dermatol. 2003; 121:1373-1378. 

67 



References 

 [53] Hanakawa Y., Amagai M., Shirakata Y., Yahata Y., Tokumaru S., Yamasaki K., Tohyama M., 
Sayama K., Hashimoto K. Differential effects of desmoglein 1 and desmoglein 3 on desmosome 
formation. J. Invest. Dermatol. 2002; 119:1231-1236. 

 [54] Hashimoto T., Ogawa M. M., Konohana A., Nishikawa T. Detection of pemphigus vulgaris and 
pemphigus foliaceus antigens by immunoblot analysis using different antigen sources. J. Invest. 
Dermatol. 1990; 94:327-331. 

 [55] He W., Cowin P., Stokes D. L. Untangling desmosomal knots with electron tomography. Science 
2003; 302:109-113. 

 [56] Hermanson, Greg T. The Chemistry of Reactive Groups from Bioconjugate Techniques. 2nd Edi-
tion: 169-212. 

 [57] Heupel W. M., Müller T., Efthymiadis A., Schmidt E., Drenckhahn D., Waschke J. Peptides Target-
ing the Desmoglein 3 Adhesive Interface Prevent Autoantibody-induced Acantholysis in Pemphigus. 
J. Biol. Chem. 2009; 284:8589-8595. 

 [58] Heupel W. M., Zillikens D., Drenckhahn D., Waschke J. Pemphigus vulgaris IgG directly inhibit 
desmoglein 3-mediated transinteraction. J. Immunol. 2008; 181:1825-1834. 

 [59] Hoogenboom H. R., de Bruïne A. P., Hufton S. E., Hoet R. M., Arends J. W., Roovers R. C. Anti-
body phage display technology and its applications. Immunotechnology 1998; 4:1-20. 

 [60] Ishii K., Amagai M., Hall R. P., Hashimoto T., Takayanagi A., Gamou S., Shimizu N., Nishikawa T. 
Characterization of autoantibodies in pemphigus using antigen-specific enzyme-linked immunosor-
bent assays with baculovirus-expressed recombinant desmogleins. J. Immunol. 1997; 159:2010-
2017. 

 [61] Ishii K., Harada R., Matsuo I., Shirakata Y., Hashimoto K., Amagai M. In vitro keratinocyte disso-
ciation assay for evaluation of the pathogenicity of anti-desmoglein 3 IgG autoantibodies in pem-
phigus vulgaris. J. Invest. Dermatol. 2005; 124:939-946. 

 [62] Ishii K., Lin C., Siegel D. L., Stanley J. R. Isolation of pathogenic monoclonal anti-desmoglein 1 
human antibodies by phage display of pemphigus foliaceus autoantibodies. J. Invest. Dermatol. 
2008; 128:939-948. 

 [63] Jainta S., Schmidt E., Bröcker E. B., Zillikens D. Diagnostik und Therapie bullöser Autoimmuner-
krankungen der Haut. Dtsch. Arztebl. 2001; 98:B 1123-1128. 

 [64] Jennings J. M., Tucker D. K., Kottke M. D., Saito M., Delva E., Hanakawa Y., Amagai M., 
Kowalczyk A. P. Desmosome disassembly in response to pemphigus vulgaris IgG occurs in distinct 
phases and can be reversed by expression of exogenous Dsg3. J. Invest. Dermatol. 2011; 131:706-
718. 

 [65] Jolly P. S., Berkowitz P., Bektas M., Lee H. E., Chua M., Díaz L. A., Rubenstein D. S. p38MAPK 
signaling and desmoglein-3 internalization are linked events in pemphigus acantholysis. J. Biol. 
Chem. 2010; 285:8936-8941. 

 [66] Jones J. C., Arnn J., Staehelin L. A., Goldman R. D. Human autoantibodies against desmosomes: 
possible causative factors in pemphigus. Proc. Natl. Acad. Sci. U. S. A. 1984; 81:2781-2785. 

 [67] Jones J. C., Yokoo K. M., Goldman R. D. Further analysis of pemphigus autoantibodies and their 
use in studies on the heterogeneity, structure, and function of desmosomes. J. Cell Biol. 1986; 
102:1109-1117. 

 [68] Kawasaki H., Tsunoda K., Hata T., Ishii K., Yamada T., Amagai M. Synergistic pathogenic effects 
of combined mouse monoclonal anti-desmoglein 3 IgG antibodies on pemphigus vulgaris blister 
formation. J. Invest. Dermatol. 2006; 126:2621-2630. 

 [69] Kinloch A. J., Ng K., Wright G. P. Clinical applications of autoimmunity to citrullinated proteins in 
rheumatoid arthritis, from improving diagnostics to future therapies. Recent Pat. Inflamm. Allergy 
Drug Discov. 2011; 5:108-127. 

68 



References 

 [70] Kitajima Y. Mechanisms of desmosome assembly and disassembly. Clin. Exp. Dermatol. 2002; 
27:684-690. 

 [71] Kowalczyk A. P., Anderson J. E., Borgwardt J. E., Hashimoto T., Stanley J. R., Green K. J. Pem-
phigus sera recognize conformationally sensitive epitopes in the amino-terminal region of desmo-
glein-1. J. Invest. Dermatol. 1995; 105:147-152. 

 [72] Lee H. E., Berkowitz P., Jolly P. S., Díaz L. A., Chua M. P., Rubenstein D. S. Biphasic activation of 
p38MAPK suggests that apoptosis is a downstream event in pemphigus acantholysis. J. Biol. Chem. 
2009; 284:12524-12532. 

 [73] Lucchese A., Mittelman A., Tessitore L., Serpico R., Sinha A. A., Kanduc D. Proteomic definition 
of a desmoglein linear determinant common to Pemphigus vulgaris and Pemphigus foliaceous. J. 
Transl. Med. 2006; 4:37-45. 

 [74] Ludwig R. J. and Zillikens D. Pathogenesis of epidermolysis bullosa acquisita. Dermatol. Clin. 
2011; 29:493-501. 

 [75] Lüftl M., Stauber A., Mainka A., Klingel R., Schuler G., Hertl M. Successful removal of pathogenic 
autoantibodies in pemphigus by immunoadsorption with a tryptophan-linked polyvinylalcohol ad-
sorber. Br. J. Dermatol. 2003; 149:598-605. 

 [76] Mahoney M. G., Wang Z., Rothenberger K., Koch P. J., Amagai M., Stanley J. R. Explanations for 
the clinical and microscopic localization of lesions in pemphigus foliaceus and vulgaris. J. Clin. In-
vest. 1999; 103:461-468. 

 [77] Mao X., Choi E. J., Payne A. S. Disruption of desmosome assembly by monovalent human pemphi-
gus vulgaris monoclonal antibodies. J. Invest. Dermatol. 2009; 129:908-918. 

 [78] Mao X., Nagler A. R., Farber S. A., Choi E. J., Jackson L. H., Leiferman K. M., Ishii N., Hashimoto 
T., Amagai M., Zone J. J., Payne A. S. Autoimmunity to desmocollin 3 in pemphigus vulgaris. Am. 
J. Pathol. 2010; 177:2724-2730. 

 [79] Mascaro J. M., Jr., España A., Liu Z., Ding X., Swartz S. J., Fairley J. A., Díaz L. A. Mechanisms of 
acantholysis in pemphigus vulgaris: role of IgG valence. Clin. Immunol. Immunopathol. 1997; 
85:90-96. 

 [80] Mihai S. and Sitaru C. Immunopathology and molecular diagnosis of autoimmune bullous diseases. 
J. Cell. Mol. Med. 2007; 11:462-481. 

 [81] Modrow, Susanne, Falke, Dietrich, and Truyen, Uwe. Humanpathogene Herpesviren - Das Epstein-
Barr-Virus from Molekulare Virologie. 2. Auflage: 594-600. 

 [82] Müller E. J., Hunziker T., Suter M. M. Keratin intermediate filament retraction is linked to pla-
koglobin-dependent signaling in pemphigus vulgaris. J. Am. Acad. Dermatol. 2007; 56:890-891. 

 [83] Müller E. J., Williamson L., Kolly C., Suter M. M. Outside-in signaling through integrins and cad-
herins: a central mechanism to control epidermal growth and differentiation? J. Invest. Dermatol. 
2008; 128:501-516. 

 [84] Müller R., Svoboda V., Wenzel E., Gebert S., Hunzelmann N., Müller H. H., Hertl M. IgG reactivity 
against non-conformational NH-terminal epitopes of the desmoglein 3 ectodomain relates to clini-
cal activity and phenotype of pemphigus vulgaris. Exp. Dermatol. 2006; 15:606-614. 

 [85] Müller R., Svoboda V., Wenzel E., Müller H. H., Hertl M. IgG against extracellular subdomains of 
desmoglein 3 relates to clinical phenotype of pemphigus vulgaris. Exp. Dermatol. 2008; 17:35-43. 

 [86] Murhammer, David W. Baculovirus and Insect Cell Expression Protocols. 2nd Edition. 

 [87] Murphy, Kenneth P. The distributions and functions of immunoglobulin classes from Janeway's 
Immunobiology. 8th Edition: 408-424. 

 [88] Murrell D. F., Dick S., Ahmed A. R., Amagai M., Barnadas M. A., Borradori L., Bystryn J. C., 
Cianchini G., Díaz L. A., Fivenson D., Hall R., Harman K. E., Hashimoto T., Hertl M., Hunzelmann 
N., Iranzo P., Joly P., Jonkman M. F., Kitajima Y., Korman N. J., Martin L. K., Mimouni D., 

69 



References 

Pandya A. G., Payne A. S., Rubenstein D., Shimizu H., Sinha A. A., Sirois D., Zillikens D., Werth 
V. P. Consensus statement on definitions of disease, end points, and therapeutic response for pem-
phigus. J. Am. Acad. Dermatol. 2008; 58:1043-1046. 

 [89] Nguyen V. T., Ndoye A., Shultz L. D., Pittelkow M. R., Grando S. A. Antibodies against keratino-
cyte antigens other than desmogleins 1 and 3 can induce pemphigus vulgaris-like lesions. J. Clin. 
Invest. 2000; 106:1467-1479. 

 [90] Nollet F., Kools P., van R. F. Phylogenetic analysis of the cadherin superfamily allows identifica-
tion of six major subfamilies besides several solitary members. J. Mol. Biol. 2000; 299:551-572. 

 [91] Nydegger U. E., Rieben R., Mohacsi P. Current precision of immunological extracorporeal plasma 
treatment. Transfus. Apher. Sci. 2001; 24:39-47. 

 [92] Ohyama B., Nishifuji K., Chan P. T., Kawaguchi A., Yamashita T., Ishii N., Hamada T., Dainichi 
T., Koga H., Tsuruta D., Amagai M., Hashimoto T. Epitope Spreading Is Rarely Found in Pemphi-
gus Vulgaris by Large-Scale Longitudinal Study Using Desmoglein 2-Based Swapped Molecules. J. 
Invest. Dermatol. 2012;  

 [93] Oktarina D. A., van der W. G., Diercks G. F., Jonkman M. F., Pas H. H. IgG induced clustering of 
desmogleins 1 and 3 in pemphigus patient skin fits with the desmoglein non-assembly depletion hy-
pothesis. Br. J. Dermatol. 2011; 165:552-562. 

 [94] Owen G. R. and Stokes D. L. Exploring the Nature of Desmosomal Cadherin Associations in 3D. 
Dermatol. Res. Pract. 2010; 2010:1-12. 

 [95] Ozawa M. and Kemler R. Correct proteolytic cleavage is required for the cell adhesive function of 
uvomorulin. J. Cell Biol. 1990; 111:1645-1650. 

 [96] Pacheco-Tovar D., López-Luna A., Herrera-Esparza R., Avalos-Díaz E. The caspase pathway as a 
possible therapeutic target in experimental pemphigus. Autoimmune Dis. 2011; 2011:563091-
563099. 

 [97] Payne A. S., Ishii K., Kacir S., Lin C., Li H., Hanakawa Y., Tsunoda K., Amagai M., Stanley J. R., 
Siegel D. L. Genetic and functional characterization of human pemphigus vulgaris monoclonal 
autoantibodies isolated by phage display. J. Clin. Invest. 2005; 115:888-899. 

 [98] Pelacho B., Natal C., España A., Sánchez-Carpintero I., Iraburu M. J., López-Zabalza M. J. Pem-
phigus vulgaris autoantibodies induce apoptosis in HaCaT keratinocytes. FEBS Lett. 2004; 566:6-
10. 

 [99] Penn E. J., Burdett I. D., Hobson C., Magee A. I., Rees D. A. Structure and assembly of desmosome 
junctions: biosynthesis and turnover of the major desmosome components of Madin-Darby canine 
kidney cells in low calcium medium. J. Cell Biol. 1987; 105:2327-2334. 

 [100] Penn E. J., Hobson C., Rees D. A., Magee A. I. Structure and assembly of desmosome junctions: 
biosynthesis, processing, and transport of the major protein and glycoprotein components in cul-
tured epithelial cells. J. Cell Biol. 1987; 105:57-68. 

 [101] Pertz O., Bozic D., Koch A. W., Fauser C., Brancaccio A., Engel J. A new crystal structure, Ca2+ 
dependence and mutational analysis reveal molecular details of E-cadherin homoassociation. 
EMBO J. 1999; 18:1738-1747. 

 [102] Prajapati V. and Mydlarski P. R. Advances in pemphigus therapy. Skin Therapy Lett. 2008; 13:4-7. 

 [103] Rafei D., Muller R., Ishii N., Llamazares M., Hashimoto T., Hertl M., Eming R. IgG autoantibodies 
against desmocollin 3 in pemphigus sera induce loss of keratinocyte adhesion. Am. J. Pathol. 2011; 
178:718-723. 

 [104] Rönspeck W., Brinckmann R., Egner R., Gebauer F., Winkler D., Jekow P., Wallukat G., Müller J., 
Kunze R. Peptide based adsorbers for therapeutic immunoadsorption. Ther. Apher. Dial. 2003; 
7:91-97. 

 [105] Schiltz J. R. and Michel B. Production of epidermal acantholysis in normal human skin in vitro by 
the IgG fraction from pemphigus serum. J. Invest. Dermatol. 1976; 67:254-260. 

70 



References 

 [106] Schmidt E., Bröcker E. B., Zillikens D. Pemphigus: Verlust des desmosomalen Zell-Zell-Kontaktes. 
Hautarzt 2000; 51:309-318. 

 [107] Schmidt E., Dähnrich C., Rosemann A., Probst C., Komorowski L., Saschenbrecker S., Schlumber-
ger W., Stöcker W., Hashimoto T., Bröcker E. B., Recke A., Rose C., Zillikens D. Novel ELISA sys-
tems for antibodies to desmoglein 1 and 3: correlation of disease activity with serum autoantibody 
levels in individual pemphigus patients. Exp. Dermatol. 2010; 19:458-463. 

 [108] Schmidt E., Gutberlet J., Siegmund D., Berg D., Wajant H., Waschke J. Apoptosis is not required 
for acantholysis in pemphigus vulgaris. Am. J. Physiol. Cell Physiol. 2009; 296:C162-C172. 

 [109] Schmidt E. and Zillikens D. The diagnosis and treatment of autoimmune blistering skin diseases. 
Dtsch. Ärztebl. Int. 2011; 108:399-405. 

 [110] Schoen H., Foedinger D., Derfler K., Amann G., Rappersberger K., Stingl G., Volc-Platzer B. Im-
munoapheresis in paraneoplastic pemphigus. Arch. Dermatol. 1998; 134:706-710. 

 [111] Sekiguchi M., Futei Y., Fujii Y., Iwasaki T., Nishikawa T., Amagai M. Dominant autoimmune epi-
topes recognized by pemphigus antibodies map to the N-terminal adhesive region of desmogleins. J. 
Immunol. 2001; 167:5439-5448. 

 [112] Sharma P. M., Choi E. J., Kuroda K., Hachiya T., Ishii K., Payne A. S. Pathogenic anti-desmoglein 
MAbs show variable ELISA activity because of preferential binding of mature versus proprotein iso-
forms of desmoglein 3. J. Invest. Dermatol. 2009; 129:2309-2312. 

 [113] Shimanovich I., Nitschke M., Rose C., Grabbe J., Zillikens D. Treatment of severe pemphigus with 
protein A immunoadsorption, rituximab and intravenous immunoglobulins. Br. J. Dermatol. 2008; 
158:382-388. 

 [114] Shirakata Y., Amagai M., Hanakawa Y., Nishikawa T., Hashimoto K. Lack of mucosal involvement 
in pemphigus foliaceus may be due to low expression of desmoglein 1. J. Invest. Dermatol. 1998; 
110:76-78. 

 [115] Sitaru C., Goebeler M., Zillikens D. Bullöse Autoimmundermatosen (I): Pathogenese und Diagnos-
tik. J. Dtsch. Dermatol. Ges. 2004; 2:123-128. 

 [116] Sitaru C., Mihai S., Zillikens D. The relevance of the IgG subclass of autoantibodies for blister 
induction in autoimmune bullous skin diseases. Arch. Dermatol. Res. 2007; 299:1-8. 

 [117] Sitaru C. and Zillikens D. Mechanisms of blister induction by autoantibodies. Exp. Dermatol. 2005; 
14:861-875. 

 [118] Spindler V., Drenckhahn D., Zillikens D., Waschke J. Pemphigus IgG causes skin splitting in the 
presence of both desmoglein 1 and desmoglein 3. Am. J. Pathol. 2007; 171:906-916. 

 [119] Spindler V., Vielmuth F., Schmidt E., Rubenstein D. S., Waschke J. Protective endogenous cyclic 
adenosine 5'-monophosphate signaling triggered by pemphigus autoantibodies. J. Immunol. 2010; 
185:6831-6838. 

 [120] Spindler V. and Waschke J. Role of Rho GTPases in desmosomal adhesion and pemphigus patho-
genesis. Ann. Anat. 2011; 193:177-180. 

 [121] Stanley J. R., Nishikawa T., Díaz L. A., Amagai M. Pemphigus: is there another half of the story? J. 
Invest. Dermatol. 2001; 116:489-490. 

 [122] Stöcker, W. Processes and devices for examinations on immobilised biological material. 1984; 
patent no. EP 0117262. 

 [123] Tajima M., Mitsuhashi Y., Irisawa R., Amagai M., Hashimoto T., Tsuboi R. IgA pemphigus react-
ing exclusively to desmoglein 3. Eur. J. Dermatol. 2010; 20:626-629. 

 [124] Tchernev G. and Orfanos C. E. Antigen mimicry, epitope spreading and the pathogenesis of pem-
phigus. Tissue Antigens 2006; 68:280-286. 

71 



References 

 [125] Tsuiji H., Xu L., Schwartz K., Gumbiner B. M. Cadherin conformations associated with dimeriza-
tion and adhesion. J. Biol. Chem. 2007; 282:12871-12882. 

 [126] Tsunoda K., Ota T., Aoki M., Yamada T., Nagai T., Nakagawa T., Koyasu S., Nishikawa T., Ama-
gai M. Induction of pemphigus phenotype by a mouse monoclonal antibody against the amino-
terminal adhesive interface of desmoglein 3. J. Immunol. 2003; 170:2170-2178. 

 [127] Ullrich H. and Kuehnl P. New trends in specific immunoadsorption. Transfus. Apher. Sci. 2004; 
30:223-231. 

 [128] Wallukat G., Muller J., Hetzer R. Specific removal of beta1-adrenergic autoantibodies from patients 
with idiopathic dilated cardiomyopathy. N. Engl. J. Med. 2002; 347:1806- 

 [129] Warren S. J., Arteaga L. A., Rivitti E. A., Aoki V., Hans-Filho G., Qaqish B. F., Lin M. S., Giudice 
G. J., Díaz L. A. The role of subclass switching in the pathogenesis of endemic pemphigus foliaceus. 
J. Invest. Dermatol. 2003; 120:104-108. 

 [130] Waschke J. The desmosome and pemphigus. Histochem. Cell Biol. 2008; 130:21-54. 

 [131] Waschke J., Bruggeman P., Baumgartner W., Zillikens D., Drenckhahn D. Pemphigus foliaceus IgG 
causes dissociation of desmoglein 1-containing junctions without blocking desmoglein 1 transinter-
action. J. Clin. Invest. 2005; 115:3157-3165. 

 [132] Waschke J., Spindler V., Bruggeman P., Zillikens D., Schmidt G., Drenckhahn D. Inhibition of Rho 
A activity causes pemphigus skin blistering. J. Cell Biol. 2006; 175:721-727. 

 [133] Watt F. M., Mattey D. L., Garrod D. R. Calcium-induced reorganization of desmosomal compo-
nents in cultured human keratinocytes. J. Cell Biol. 1984; 99:2211-2215. 

 [134] Wheeler G. N., Parker A. E., Thomas C. L., Ataliotis P., Poynter D., Arnemann J., Rutman A. J., 
Pidsley S. C., Watt F. M., Rees D. A. Desmosomal glycoprotein DGI, a component of intercellular 
desmosome junctions, is related to the cadherin family of cell adhesion molecules. Proc. Natl. Acad. 
Sci. U. S. A. 1991; 88:4796-4800. 

 [135] Yamamoto Y., Aoyama Y., Shu E., Tsunoda K., Amagai M., Kitajima Y. Anti-desmoglein 3 (Dsg3) 
monoclonal antibodies deplete desmosomes of Dsg3 and differ in their Dsg3-depleting activities re-
lated to pathogenicity. J. Biol. Chem. 2007; 282:17866-17876. 

 [136] Yokouchi M., Saleh M. A., Kuroda K., Hachiya T., Stanley J. R., Amagai M., Ishii K. Pathogenic 
Epitopes of Autoantibodies in Pemphigus Reside in the Amino-Terminal Adhesive Region of Desmo-
gleins Which Are Unmasked by Proteolytic Processing of Prosequence. J. Invest. Dermatol. 2009; 
129:2156-2166. 

 [137] Zhu B., Chappuis-Flament S., Wong E., Jensen I. E., Gumbiner B. M., Leckband D. Functional 
analysis of the structural basis of homophilic cadherin adhesion. Biophys. J. 2003; 84:4033-4042. 

 [138] Zhu X. and Zhang B. Paraneoplastic pemphigus. J. Dermatol. 2007; 34:503-511. 

 [139] Zillikens, D. Immunoadsorption in dermatology - State of the art. 8th International Society for 
Apheresis Congress, Vienna; 2011. 

 [140] Zillikens D., Derfler K., Eming R., Fierlbeck G., Goebeler M., Hertl M., Hofmann S. C., Karlhofer 
F., Kautz O., Nitschke M., Opitz A., Quist S., Rose C., Schanz S., Schmidt E., Shimanovich I., Mi-
chael M., Ziller F. Empfehlungen für die Anwendung der Immunapherese bei der Therapie bullöser 
Autoimmundermatosen. J. Dtsch. Dermatol. Ges. 2007; 5:881-887. 

 
 

72 


	1. Summary
	2. Introduction
	2.1 Pemphigus Diseases
	2.2 Blister Induction by anti-Dsg Autoantibodies
	2.3 Therapy

	3. Materials and Methods
	3.1 Chemicals, Buffers and Media
	3.2 Sera and Antibodies
	3.3 Cloning
	3.3.1 List of Dsg Expression Plasmids
	3.3.2 Construction of Dsg Expression Plasmids
	3.3.3 Amplification of DNA Fragments by PCR
	3.3.4 Digestion by Endonucleases
	3.3.5 Ligation and Transformation
	3.3.6 Plasmid Preparation and Sequencing
	3.3.7 Large Scale Plasmid Purification

	3.4 Immunofluorescence Studies on Dsg Variants
	3.4.1 Transfection of HEK 293T Cells
	3.4.2 Evaluation of Immunofluorescence Substrates

	3.5 Westernblot Analysis
	3.6 Production of Soluble Desmogleins in HEK 293T Cells
	3.7 Coupling of Antigens to Solid Phases
	3.7.1 NHS-Activated Sepharose
	3.7.2 Aldehyde Agarose
	3.7.3 Tresyl-Activated Acrylic Resin
	3.7.4 Carboxy-Activated Acrylic Resin
	3.7.5 Aldehyde Acrylic Resin
	3.7.6 Azlactone Acrylic Resin

	3.8 Adsorption of Antibodies Using Dsg Matrices
	3.9 Antibody Detection by ELISA
	3.9.1 Detection of Specific IgG
	3.9.2 Analysis of IgG Concentration

	3.10 Pathogenicity Assays
	3.10.1 Anti-Dsg1 Antibodies
	3.10.2 Anti-Dsg3 Antibodies

	3.11 Software for Diagrams and Statistics

	4. Results
	4.1 Properties of Different Adsorption Materials
	4.1.1 Coupling Efficiency of Dsg1(ec)-His and Dsg3(ec)-His
	4.1.2 Adsorption Performance of Different Dsg Matrices
	4.1.3 Effect of Optimised Coupling Conditions
	4.1.4 Specificity of the Prototypic Immunoadsorbers
	4.1.5 Stability of Dsg Matrices during Regeneration

	4.2 Adsorption on Dsg Fragments
	4.3 Pathogenicity of Pemphigus Sera
	4.3.1 Acantholytical Effects of the Artificial PF Sera Pool
	4.3.2 Acantholytical Effects of the Artificial PV Sera Pool
	4.3.3 Acantholytical Effects of IgG4 Depleted PV Sera Pool

	4.4 Extraction of anti-Dsg IgG from Individual Pemphigus Sera

	5. Discussion
	5.1 Properties of Recombinant Desmogleins
	5.2 Specificity of Desmoglein Adsorbers
	5.3 Pathogenicity of Adsorbed Pemphigus Sera
	5.4 Differences between Adsorptions of Individual Sera
	5.5 Future Aspects

	6. List of Abbreviations
	7. Acknowledgements
	8. References

