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Abstract  

Desmosomes are cell-cell junctions that connect neighboring cells to their intermediate 
filament networks that serve to provide mechanical strength to the tissue. Major 
proteins that compose desmosomes are desmogleins, desmocollins, plakoglobin, 
plakophilins and desmoplakin. Isoforms of desmosomal proteins have different 
distribution in tissues, some of them being more ubiquitous and other being expressed 
only in specific tissues. The importance of desmosomal proteins for sustaining epithelial 
architecture is demonstrated in genetic, autoimmune and infectious human blistering. 
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Introduction and aim  

Importance of desmosomes for the architecture and mechanical strength of epithelial 
tissue is demonstrated in several blistering diseases. Perturbation of a desmosomal 
structure by autoantibodies, toxins or gene mutations can disrupt the architecture and 
strength of the skin and mucous membranes. Therefore proper function of all the 
proteins that are part of the complex desmosomal structure is important for tissue 
integrity. In this chapter we aim at explaining the components of a desmosome and 
their organization into an adhesive structure. 

Desmosomes: cell-cell adhesion structures 

Cell junctions are specialized structures that interconnect neighbouring cells to each 
other (cell-cell junctions) or cells to the matrix (cell-matrix junctions). They can serve as 
strong sealing points involved in tissue barrier (tight junctions), or as mechanical cell 
attachment (adherens junctions, desmosomes and hemidesmosomes) or as 
communication channels (gap junctions). Desmosomes (desmo-bond, soma-body) are 
cell-cell junctions that interconnect intermediate filament networks of neighbouring 
cells and provide strong mechanical strength (Delva et al., 2009). They are abundant in 
stratified epithelium, such as epidermis and epithelium of mucosa, and in heart muscle, 
but are also present in simple epithelium and in non-epithelial cells like meningeal cells 
of the arachnoid and the follicular dendritic cells of lymph follicles (Waschke, 2008).  

Desmosomes can be easily recognized by electron microscopy by their extracellular core 
domain (ECD) and two opposite dense plaques. Within each plaque two zones can be 
distinguished: the outer dense plaque (ODP) and the inner dense plaque (IDP) [Figure 1a 
and b]. Proteins that make distinctive zones of desmosomes are transmembrane 
proteins which belong to cadherin family and cytoplasmic plaque proteins which belong 
to armadillo and plakin family of proteins. Desmosomal cadherins are desmogleins and 
desmocollins, armadillo proteins in desmosomes compromise plakoglobin and 
plakophilins, while main plakin protein in desmosomes is desmoplakin (Delva et al., 
2009; Waschke, 2008; Delva et al., 2008; Garrod and Chidgey, 2008). Other members of 
plakin family such as plectin, periplakin and envoplakin are also found in desmosomes 
(Waschke, 2008). Extracellular domains of desmosomal cadherins compose ECD where 
they mediate adhesion, while their intracellular domains together with plakoglobin and 
plakophilins make ODP. IDP compromises desmoplakin that couples to the intermediate 
filament network [Figure 1c]. Pre-structure of a complete desmosome is so called half 
desmosome which is made of a desmosomal plaque and desmosomal cadherins at one 
side not connected to its opposite part (Demlehner et al., 1995). Half desmosomes and 
desmosomes should be distinguished from hemidesmosomes which are cell- matrix 
junctions.  
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Autoimmune blistering diseases with antibodies against certain desmosomal proteins 
demonstrate the importance of desmosomes for tissue integrity. 

Desmosomal proteins and their isoforms 

Desmosomal cadherins are calcium dependent glycoproteins and are desmogleins 
(Dsgs) and desmocollins (Dscs). They require calcium for binding to their opposites. In 
conditions without calcium half desmosomes will still be formed, but will be soon 
internalized and complete desmosomal structure will not be achieved (Demlehner et al., 
1995). In humans there are four types of Dsgs and three types of Dscs which are 
differently distributed. All Dscs isoforms have two forms: form ‘a’ and shorter form ‘b’, 
which are results of alternative splicing [Figure 1d]. Both Dsgs and Dscs have 
extracellular part consisting of four cadherin repeats (EC1-4) and fifth domain termed 
extracellular anchor (EA), as well as transmembrane domain (TM) located in the plasma 
membrane and intercellular part starting with an intracellular anchor (IA) [Figure 1d]. 
Rest of the intercellular part differs were intercellular cadherin-like sequence (ICS) that 
binds plakoglobin is present in Dsc a form and Dsgs. Dsgs have additional 
intracytoplasmic regions: intercellular proline rich-linker (IPL), variable number of 
repeat unit domain (RUD) and glycine rich desmoglein terminal domain (DTD)(Delva et 
al., 2009; Garrod and Chidgey, 2008). 

Plakoglobin also termed as ƴ-catenin, is an armadillo protein that localizes both to 
desmosomes and to adherens junctions. Plakoglobin contains 12 armadillo repeats 
flanked by distinct amino- and carboxy- terminal domain. In desmosomes plakoglobin 
binds to cytoplasmatic tail of desmosomal cadherins and it is reported that it binds 
desmoplakin (Delva et al., 2009; Garrod and Chidgey, 2008).  

Plakophilins (Pkp) are armadillo proteins that contain 9 armadillo repeats with an insert 
between repeat 5 and 6 that bend the whole structure. There are three isoforms of 
Pkps. Pkps can bind all other desmosomal components and it is shown that they can 
bind intermediate filaments or enhance interactions in the desmosomal plaque (Delva 
et al., 2009; Garrod and Chidgey, 2008). 

Desmoplakin belongs to plakin family proteins and it is a key linker between the 
desmosomal plaque and intermediate filaments. Desmoplakin has two isoforms in 
which globular amino- and carboxy- parts are connected with central ɑ-helical coiled-
coil rod domain. Amino- terminal domain contains binding sites for plakoglobin and Pkp, 
while carboxy- terminal domain contains binding site for intermediate filaments (Delva 
et al., 2009).  

Periplakin, envoplakin and plectin are also found in desmosomes, but it is not clear how 
important they are for the structure and function (Waschke, 2008). 
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Isoforms of desmosomal proteins are differently distributed in human tissues (Harmon 
and Green, 2013). All desmosomes bearing tissues express plakoglobin and 
desmoplakin. Dsg2, Dsc2, Pkp2 are mostly found in simple epithelia. Dsg1 and 3, Dsc1 
and 3 are specific for stratified epithelia. Expression of isoforms of desmosomal proteins 
in the epidermis is cell layer dependent and it is shown in figure 1e and f. Expression of 
Dsg1 decreases from upper towards lower epidermal layers, while Dsg3 is present in the 
basal and suprabasal layers (Mahoney et al., 2006). Dsg4 is found in the upper layers of 
the epidermis and in the hair follicle. Different expression of isoforms of desmosomal 
proteins explains localization of lesions in certain autoimmune blistering diseases. 
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Figure 1. Desmosomal structure, structure of desmosomal cadherins and expression of 
desmosomal proteins in human epidermis. (a) Magnified desmosome and desmosomal distinctive 
zones. (b) Magnified region of epidermis with multiple desmosomes. Yellow box is magnified in 
panel a. (c) Schematic presentation of a complete desmosome. Desmosomal proteins are 
presented in different shapes and colors. Note the organization of desmosomal proteins in ECD, 
ODP and IDP. (d) Structure of desmosomal cadherins: desmoglein and desmocollin ‘a’ and ‘b’ form. 
Desmogleins differ in number of RUD domains. (e) Human skin and epidermal layers. Dotted line 
presents border between dermis and epidermis. Red box is magnified in panel b. (f) Expression of 
isoforms of desmosomal proteins through epidermal layers that are shown in panel e. Dsg: 
desmoglein; Dsc: desmocollin; Pg: plakoglobin; Pkp: plakophilin; Dp: desmoplakin; SB: stratum 
basale; SS: stratum spinosum; SG: stratum granulosum; SC: stratum corneum; D: desmosome; KIF: 
keratin intermediate filaments; ECD: extracellular core domain; ODP: outer dense plaque; IDP: 
inner dense plaque, PM: plasma membrane; EC: extracellular domain; EA: extracellular anchor; IA: 
intracellular anchor; IPL: proline-rich linker; RUD: repeat unit domains; DTD: desmoglein terminal 
domain. Panel a,b and e are electron microscopy images that were taken from a nanotomy 
dataset of normal human skin (Sokol et al., 2015). Bar:1µm 
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Abstract 
 

Desmosomes are complex structures that interconnect intermediate filament networks 
of neighboring cells and thereby provide strength to tissues. They are built from 
specialized proteins, of which adhesive functions are well investigated and seemingly 
crucial as human genetic, autoimmune and infective disorders arise from their 
malfunction. Growing evidence suggests functions of desmosomal proteins beyond cell-
cell adhesion: they are involved in other processes, including tissue differentiation, hair 
follicle function, cell migration, proliferation and apoptosis. Also the role in 
embryogenesis, carcinogenesis and cellular signaling pathways are recognized. Here, we 
review the evidence for non-adhesive roles of the five major protein components of 
desmosomes and discuss when functions beyond adhesion interdigitate with the 
classical desmosome function.   
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1. Introduction 

Desmosomes (desmos- bond, soma-body) are cell-cell junctions that interconnect 
neighboring cells by bonding their intermediate filament networks (Delva et al., 2009; 
Waschke, 2008; Garrod and Chidgey, 2008; Kowalczyk and Green, 2013; Stokes, 2007). 
Their best characterized function is in providing cell-cell adhesion and tissue strength, 
and therefore they are abundant in tissue that experience stress, including skin and 
heart. Desmosomes locate in epithelia, stratified as well as simple, and in non-epithelial 
tissue as meningeal cells of the arachnoid mater and the follicular dendritic cells of 
lymph follicles (Waschke, 2008).  
Briefly, the five major protein types that make desmosomes are desmogleins (Dsgs), 
desmocollins (Dscs), desmoplakin (Dp), plakoglobin (Pg) and plakophilins (Pkps) (for an 
extensive review see: (Garrod and Chidgey, 2008)). They belong to three families of 
proteins: cadherins (Dsgs and Dscs), armadillo proteins (Pg and Pkps) and plakins (Dp). 
Various isoforms of Dsgs (1-4), Dscs (1-3, a and b), Dps (I and II) and Pkps (1-3) are 
known [Table 1]. Autoantibodies or bacterial toxins that affect desmosomal proteins or 
mutations in one of the genes that code for them can lead to severe human disorders 
(Brooke et al., 2012). Therefore each component of the complex desmosomal structure 
is important for tissue stability and function. Moreover, correct expression of isoforms 
of desmosomal proteins is also important for tissue homeostasis and aberrant 
expression is found in cancers (Brooke et al., 2012). 
Some isoforms are ubiquitous, while others are tissue and differentiation specifically 
expressed (Harmon and Green, 2013), which may point to distinct roles of the isotypes 
(Dusek et al., 2007; Green and Simpson, 2007). The pathogenesis of desmosomal 
targeted disorders cannot always be explained by defects of adhesion only and 
therefore other functions of are likely involved (Spindler and Waschke, 2014; Broussard 
et al., 2015). Here we review the data on supra-adhesive roles of the major desmosomal 
proteins, with focus on possible involvement in disease.  
 
Table 1. Desmosomal proteins and their structure. Desmosomal proteins belong to three families: 
desmosomal cadherins, armadillo proteins and plakins. Desmosomal cadherins are desmogleins 
(Dsgs) and desmocollins (Dscs). There are four isoforms of Dsgs which structurally differ in the 
number of RUD domains. There are three isoforms of Dscs and two splicing variants Dsc a and Dsc 
b form. Desmosomal cadherins are composed of extracellular region that contains five 
extracellular domains (EC1-5). Transmembrane domain TM is located in the plasma membrane. 
Intracellular part of desmosomal cadherins starts with intracellular anchor (IA) that is followed in 
case of Dsgs and Dsc a by intracellular cadherin like sequence (ICS). Dsgs contain additional 
intracellular proline-rich linker (IPL), a variable number of repeat unit domains (RUD) and 
desmoglein terminal domain (DTD). Armadillo proteins are cytoplasmic proteins and in 
desmosomes are plakoglobin (Pg) and plakophilins (Pkp). Pg is composed of 12 arm repeats and 
distinct amino and carboxy terminal domains. There are three isoforms of Pkps of which Pkp1 and 
2 have two splicing variants a and b. Pkps contain 9 arm repeats with an insert between fifth and 
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sixth arm repeat that introduces a band to an overall structure. Pkp b variants have introduction of 
certain unit between third and fourth arm repeat in case of Pkp1b and fourth and fifth arm repeat 
in case of Pkp2b. Desmoplakin (Dp) belongs to plakin family of proteins and has two splicing 
variants DpI and DpII which differ in the length of Rod domain. Dp is composed of globular head 
and tail with coiled-coild rod region in between (rod). Tail contains three plakin repat domains (A, 
B, C). GSR is glycine serine rich domain. 
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2.  Desmosomal cadherins 

Desmosomal cadherins, Dsgs and Dscs [Table 1] are the transmembrane calcium 
dependent cell-cell adhesion proteins that form the adhesive interface of desmosomes 
(Garrod et al., 2002). There are four isoforms of Dsg and three isoforms of Dscs. Every 
isoform of Dsc furthermore exists in a longer ‘a’ form and a shorter ‘b’ form as a result 
of alternative splicing. How these specific isoforms may be involved in supra-adhesive 
functions is discussed per protein below and listed in table 2. 

Protein  Suggested non-adhesive function Associated mechanism References 
Dsg1 Epidermal differentiation EGFR and ERK1/2

EphA2 
Erbin/SHOC2/Ras 
Bcr/MAL/SRF 

Getsios et al. 2009 
Lin et al. 2010 
Harmon et al. 2013 
Dubash et al. 2013 
Dusek et al. 2006 

Elimination of damaged keratinocytes Cleavage by caspase 3 Dusek et al. 2006 
Desquamation of epidermis Cleavage by kallikreins Borgono et al. 2007 

Dsg2 Embryotic development Embryotic stem cell 
proliferation and survival 

Eshkind et al.2002 

Proliferation, anchorage independent 
cell survival, development of skin 
tumors 

PI 3-kinase/AKT, MEK-
MAPK, STAT3 and NF-
kappaB, Hedgehog 
signaling 

Brennan et al. 2007, 
2015 

Cell proliferation EGFR and Erk1/2 Kamekura et al. 2014 

Regulation of apoptosis Cleavage by cysteine 
proteases  

Nava et al. 2007 

Receptor for adenoviruses Intercellular junctional 
weakness and increase 
access to receptors  

Wang et al. 2011 

Dsg3 Regulation of actin dynamics and 
formation of filopodia  

GTA bound Rac1, Cdc42 
and RhoA 

Tsang et al. 2010, 2012 

Cancer growth Pg, c-myc, cyclin D1 and 
MMP-7 

Chen et al. 2013 

Cell proliferation Secondary to cell-cell 
adhesion  

Mannan et al.2011 
 

Dsc2 Regulation of cell proliferation Akt/ß catenin Kolegraff et al. 2011 
Cell migration Actin Roberts et al. 2011 
Tumor invasion miR-25/ßcatenin Fang et al. 2013 

Dsc3 Early embryotic development Pre-implantation 
development 

Den et al. 2006 

Supression of cancerogenesis EGFR/ERK pathway Cui et al. 2012 

 

Table 2.  Non-adhesive functions of desmosomal cadherins: desmogleins and desmocollins. 
Suggested non-adhesive function with its associated signaling pathway/mechanism. Dsg4 and 
Dsc1 non-adhesive functions are less studied. 
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2.1. Desmoglein 1 in tissue differentiation, apoptosis and desquamation of epidermis 
The 165 kDa Dsg1 is specifically found in stratified epithelia and involved in genetic, 
autoimmune and infective disorders. In the cornified stratified squamous epithelium, 
the epidermis of the skin, its expression increases from the basal to the upper epidermal 
layers (Mahoney et al., 2006). In the stratified epithelium of the mucosa its expression is 
lower and completely absent in the basal layer (Mahoney et al., 2006; Donetti et al., 
2005). In cell cultures of normal human keratinocytes Dsg1 becomes expressed when 
cells differentiate from the monolayer (Denning et al., 1998). 

Dsg1 is a target antigen in the autoimmune bullous diseases pemphigus foliaceus and 
mucocutaneous pemphigus vulgaris (Amagai and Stanley, 2012). Mutations of Dsg1 
gene can give striate palmoplantar keratoderma (SPPK) (Hershkovitz et al., 2009; Has et 
al., 2015) and SAM syndrome (severe dermatitis, multiple allergies and metabolic 
wasting) (Samuelov et al., 2013). Dsg1 is also a substrate for exfoliative toxins of 
Staphylococcus aureus and when cleaved results in staphyloccocal scalded skin 
syndrome (SSSS) that leads similar to pemphigus foliaceus to subcorneal blisters 
(Stanley and Amagai, 2006; Hanakawa and Stanley, 2004). In Barret’s disease, 
metaplasia of the lower portion of the esophagus and risk factor for esophageal 
adenocarinoma, Dsg1 is one of the strongest reduced differentiating markers. In vitro 
experiments suggest that this is caused by chronic exposure of esophageal cells to bile 
acid by inhibiting genes driving epithelial differentiation (Reveiller et al., 2012).  

There is also growing evidence that Dsg1 promotes epidermal differentiation via various 
signaling pathways (Harmon et al., 2013; Getsios et al., 2009; Dubash et al., 2013). 
Interestingly, this might contribute to the multiple layers of crusted scaling typical seen 
in pemphigus foliaceus. Further suggestions are that Dsg1 is involved in the apoptosis of 
the keratinocytes (Dusek et al., 2006) and desquamation of the epidermis (Borgono et 
al., 2007) [Figure 1]. 

In mice knockdown of the Dsg1 transcription factor GrH11 leads to defects in both 
adhesion and differentiation of keratinocytes suggesting that both functions of this 
protein are important for normal strength and function of the epidermis (Mlacki et al., 
2014; Wilanowski et al., 2008). The adhesive strength and terminal differentiation of 
keratinocytes via Dsg1 can be upregulated by ligand targeting of the receptor tyrosine 
kinase EPhA2 and activation of this receptor is required for down regulation of 
extracellular signal regulated kinase 1/ 2 (Erk1/2)-mitogen activated kinase (MAPK) 
signaling. Adding the ligand to a monolayer of keratinocytes increases their 
differentiation (Lin et al., 2010). Getsios et al. demonstrated in the three dimensional 
human epidermal raft model how Dsg1 promotes differentiation. Dsg1 inhibits 
epidermal growth factor receptor (EGFR)-extracellular signal-regulated kinase 1/2 
(ERK1/2) signaling, allowing for the progression of keratinocytes toward a more 
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differentiated phenotype. For this function the cytoplasmic tail of Dsg1 is responsible, 
since the cleavage of Dsg1 did not result in impaired epidermal morphogenesis, but 
knock down of Dsg1 did (Getsios et al., 2009). From both studies emerged that 
downregulation of Erk1/2 is required for differentiation of keratinocytes via Dsg1. 
Harmon and Simpson et al. investigated which binding partner of the cytoplasmic tail of 
Dsg1 is involved in the epidermal differentiation. From work of Getsios et al. it became 
clear that plakoglobin (PG) which binds Dsg1 is not involved in this function, since Dsg1 
mutant with no binding site for PG was capable to induce differentiation (Harmon et al., 
2013). Instead Dsg1, interacts with the 
extracellular signal regulated kinase (ERK) 
regulator Erbin, which suppresses ERK 
activation to support epidermal 
differentiation (Getsios et al., 2009). 

Besides epidermal differentiation, Dusek et 
al. also suggested a potential function for 
Dsg1 in the elimination of damaged 
keratinocytes. UV radiation induced 
apoptosis of cultured keratinocytes, caused 
cleavage of both endogenous and 
exogenous Dsg1, most likely due to the 
activation of caspase 3. In vitro caspase 3 
cleaved the intracellular domain of Dsg1 
generating products of 17kDa and 78 kDa 
(Dusek et al., 2006). A caspase-3 consensus 
site (DXXD), DLRD, is present at amino acids 
885-888 and in vitro it was shown that Dsg1 
indeed is cleaved at Asp888. Caspase-3 is 
known to be present in human skin 
(Takahashi et al., 1998).  

Dsg1 is also an important molecule of desmosomes in corneal layer of the epidermis- 
corneodesmosomes and degradation of Dsg1, together with Dsc1 and corneodesmin is 
a prerequisite for desquamation of the epidermis. Borgono et al. demonstrated in vitro 
that kallikreins (KLK), among them KLK1, KLK5, KLK6, and KLK14, cleave Dsg1 and 
identified a number of putative cleavage sites (Borgono et al., 2007). In Netherton 
syndrome where mutations in serine protease inhibitor of Kazal type 5 (SPINK) lead to 
decreased KLK inhibition the skin has a disrupted barrier function (Hovnanian, 2013).  
 

Figure 1. Non-adhesive roles of 
desmoglein 1. Dsg1 promotes epidermal 
differentiation and apoptosis and is 
involved in desquamation of the 
epidermis. Extracellular domain of Dsg1 
is cleaved by kallikreins (KLK) and in this 
way Dsg1 is involved in desquamation of 
epidermis. Intracellular domain is 
cleaved by caspase 3 and promotes 
apoptosis in cultured cells. Dsg1 interacts 
with Erbin and inhibits ERK do drive 
epidermal differentiation. 

differentiation  

desquamation kallikreins
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2.2. Desmoglein 2 in cancer, apoptosis and embryotic development 
The 116 kDa Dsg2 is the most widespread desmoglein isoform. It is present in almost all 
tissues possessing desmosomes including all simple epithelial tissue, myocardium, 
lymph node follicles and it is commonly found in the desmosomes of cell lines (Schafer 
et al., 1994; Schafer et al., 1996). Under normal conditions Dsg2 is expressed in the 
basal cells of the hair follicle and sweat glands but not in the basal keratinocytes of the 
epidermis or mucosa.  It therefore may be seen as a marker of less differentiated cells 
(Wu et al., 2003). Surprisingly in lesional and perilesional pemphigus skin Dsg2 is also 
found in the lower layers of the skin (Iwatsuki et al., 1999).  

It seems that proper isoform expression of Dsgs is important for normal epidermal 
morphology and function. Transgenic overexpression of Dsg2 in the epidermis of mice 
resulted in epidermal hyperplasia, higher risk for papilloma development and increased 
epidermal cell proliferation (Brennan et al., 2007). Keratinocytes that were cultured 
from this transgenic skin showed increase resistance against anoikis, apoptosis induced 
by lack of correct cell-extracellular matrix attachment, compared to wild-type 
keratinocytes. Dsg2 expressing mice were also more prone to carcinogen-induced 
tumor development (Brennan et al., 2007). Tumor development is shown to be induced 
by modulation of Hedgehog signaling via Dsg2 (Brennan-Crispi et al., 2015).  

It thus seems that proper 
expression of Dsg2 is 
important for epidermal 
homeostasis and that miss 
expression can lead to 
malignancies [Figure 2].  
Indeed in human malignant 
skin carcinomas as well as in 
colonic adenocarcinomas Dsg2 
is overexpressed (Brennan and 
Mahoney, 2009).  Colon 
cancer cell lines expressing 
Dsg2 promote proliferation 
and tumor growth while Dsg2 
deficient colon tumor cells 
failed to grow in vivo 
(Kamekura et al., 2014). 
Abnormal expression of Dsg2 is also found in epithelial malignancies such as gastric 
cancer (Biedermann et al., 2005) and squamous cell carcinomas (Kurzen et al., 2003). 
Recently it has been reported that the cancer stem cell marker CD113 required for the 
tumorogenicity of the cancer stem cell line from clear cell carcinoma of the ovary 

Figure 2. Non-adhesive roles of desmoglein 2.  Dsg2 
overexpression promotes cancerogenesis, while in 
colon Dsg2 is involved in regulation of apoptosis. a) 
Dsg2 is cleaved by cysteine proteases and in this way 
involved in regulation of apoptosis. b) Overexpression 
of Dsg2 promotes resistance of cells to anoikis and 
proliferation which drives cancerogenesis. 
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regulates Dsg2 protein levels (Koyama-Nasu et al., 2013) and that knock down of CD113 
decreased Dsg2 protein levels. Thus, crosstalk between CD113 and Dsg2 is recognized. 

In contrast to the resistance that transgenic Dsg2 provided to anoikis in mouse 
keratinocytes, Dsg2 was identified as a potential regulator of apoptosis in intestinal 
epithelium where it is the only isoform expressed (Nava et al., 2007). During the onset 
of apoptosis in epithelial intestinal cells Dsg2 is cleaved by cysteine proteases and down 
regulation of Dsg2 protects the cells from apoptosis [Figure 2]. In native human colon 
and colonic epithelial cell lines, several DSG2 photolytic products were identified 
(Kolegraff et al., 2011).  

Loss of Dsg2 in mice leads to embryotic lethality and this is independent of mature 
desmosome formation, suggesting a non-adhesive role of Dsg2 during embryotic 
development (Eshkind et al., 2002). Mutations in the gene that encode these ubiquitous 
desmosomal cadherin target heart and are found in arrhythmogenic right ventricular 
cardiomyopathy (ARVC) (Pilichou et al., 2006; Syrris et al., 2007; Rasmussen et al., 
2013). Very recently Dsg2 was shown to be the primary high-affinity receptor used by 
adenoviruses Ad3, Ad7, Ad11 and Ad14 that are the key causes for respiratory and 
urinary tract infections (Wang et al., 2007). 

It seems that this ubiquitous protein has recognized functions in tumor development 
when miss expressed, apoptosis in intestinal epithelium, not yet identified function in 
embryotic development and function as a receptor in respiratory and urinary tract 
infection. 

2.3. Desmoglein 3 in epidermal integrity, hair development, actin dynamics, cell 
migration and proliferation 
First identified as the pemphigus vulgaris antigen (Amagai et al., 1991) the 130 kDa Dsg3 
is expressed in the stratified squamous epithelia. In the skin expression of Dsg3 is 
limited to the lower cell layers, while in the stratified epithelium of the oral mucosa it is 
expressed within all cell layers (Mahoney et al., 2006). In cultured keratinocyte cell lines 
the Dsg3 decreases as keratinocytes undergo stratification. Dsg3 is the major antigen in 
autoimmune blistering disease mucosal pemphigus vulgaris (PV) and together with Dsg1 
in mucocutanous PV (Amagai and Stanley, 2012). The antibodies alone are capable of 
causing loss of cell-cell adhesion. Genetic disorders with mutations in the Dsg3 gene are 
not known. 
In a transgenic mouse model expression of N-terminally truncated Dsg3 resulted in skin 
abnormalities. It led to a reduction in the number of desmosomes, to widening of the 
intercellular space between cells and to hyperproliferation of the spinous and granular 
layer (Allen et al., 1996). Dsg3 knockout mice suffer from suprabasal epidermal loss of 
cell-cell adhesion, oral erosions and hair loss. Thus Dsg3 is not only important for 
epidermal integrity, but as well for normal function and development of the hair (Koch 
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et al., 1998). Hair loss and oral lesions are also observed in sqk mice that express a 
hypomorphic Dsg3 protein with a 69 amino acids deletion in the EC2 domain. The 
pathology observed in these hypomorphic Dsg3 expressing mice was even worse than 
that of Dsg3 knockout mice suggesting that apart from disturbed desmosome formation 
also processes are affected that are insensitive to complete DSG3 deficiency (Kountikov 
et al., 2015).  
Transgenic expression of Dsg3 under the involucrin promoter gives a Dsg3 expression 
pattern throughout the complete epidermis that resembles that of mucosa (Elias et al., 
2001). The stratum corneum of these mice however is abnormal and excessive 
transepidermal water loss is present leading to dead shortly after birth. Electron 
microscopy showed that desmosomes start to dissolute at the interface of the granular 
and cornified layer, and also loss of cohesion of corneocytes. This demonstrates that 
altered Dsg isoform expression may lead to severe defects. However, other transgenic 
experiments demonstrate that such results should be interpreted with care. If Dsg3 was 
brought under the keratin 1 promotor the epidermis became abnormal in 
differentiation and proliferation but the stratum corneum of the mice stayed intact 
(Merritt et al., 2002). When PV patient anti-Dsg3 IgG was added to cultured HaCaT cells, 
it was observed that desmosomal remodeling was accompanied with reorganization of 
the actin cytoskeleton (Gliem et al., 2010). Actin cytoskeletion is connected to adherens 
junctions, which are another type of cell-cell junctions with E cadherin as 
transmembrane protein.  Overexpression of Dsg3 resulted in the reduction of the level 
of E-cadherin, while knock down of Dsg3 reversed the E-cadherin levels and partially 
blocked phosphorylation of Src, a non-receptor kinase that is involved in formation of 
filopodia used for migration (Tsang et al., 2010).  

In a follow up study it was shown that non-junctional Dsg3 can form a complex with E 
cadherin and directly regulated Src signaling with E cadherin complex during the process 
of cell-cell junction formation (Tsang et al., 2012b). Dsg3 is thus important for proper 
formation of adherens junctions.  Dsg3 interacts with actin and forms a complex with 
GTP bound Rac1, Cdc42 and RhoA. Through interaction with these GTPases, which 
regulate actin dynamics the formation of actin-based membrane structures as filopodia 
are promoted (Tsang et al., 2012a) [Figure 3]. Apart from cell migration Dsg3 is also 
important for cell proliferation and silencing Dsg3 in human keratinocytes results in 
reduced cell proliferation (Mannan et al., 2011). Dsg3 is showed to be overexpressed in 
head and neck cancers where it can function as an oncogene for cancer growth (Chen et 
al., 2007; Chen et al., 2013).  
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2.4. Desmoglein 4 in hair follicle function and epidermal homeostasis  
The 180 kDa Dsg4 is extensively expressed throughout the matrix, precortex, and inner 
root sheet of the hair follicle and it is detected in the suprabasal layers of the epidermis 
(Kljuic et al., 2003; Whittock and Bower, 2003). Mutations in Dsg4 are associated with 
localized autosomal recessive hypotrichosis characterized by reduction or loss of hair 
(Kljuic et al., 2003).  

Dsg4, being the only hair follicle desmoglein in the more differentiated layers of the hair 
follicle, is therefore suggested to be not only important for cell-cell adhesion of hair 
follicle keratinocytes, but also for their transition from proliferation to differentiation 
and differentiation itself as loss of Dsg4 in mutant mice led not only to defective cell 
adhesion but also to epidermal hyperproliferation (Kljuic et al., 2003). The epidermis of 
these mice had ectopic expression of epidermal growth factor (EGFR) and ß-1 integrin in 
the superbasal layers of epidermis, as well as increased number of positive proliferating 
cells in the basal and suprabasal layers. The authors hypothesised that the kinetic 
behavior of the mutant keratinocytes are mediated by genes downstream of EGFR.  

When the TGFbeta/Activin/BMP signaling mediator Smad4 is deleted from 
keratinocytes Dsg4 becomes also downregulated. This might explain loss of hair seen 
with Smad4 deletion. It was shown that the expression of DSG4 indeed depends on 
Smad4 and that Dsg4 is a direct transcriptional target as Smad4 binds to the Smad 
Binding Element (SBE) of the Dsg4 promoter (Owens et al., 2008).  

 
 
 
 
 
 

Figure 3. Non-adhesive role of desmoglein 3. 
Dsg3 is involved in actin dynamics and filopodia 
formation. Dsg3 interacts with actin and forms 
GTP bound Rac1, Cdc42 and RhoA which 
regulate actin dynamics and formation of 
filopodia. 

filopodia formation 
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Figure 4. Non-adhesive role of 
desmocollin 2. Downregulation of Dsc2 
activates Akt/ß catenin signaling to 
promote cell proliferation. Possible 
mechanism involved in cancerogenesis. 

2.5. Desmocollin 1 in epidermal integrity and differentiation 
Dsc1 is expressed in all suprabasal layers of the epidermis (Theis et al., 1993; King et al., 
1993) and in cell lines when stratification starts (Nuber et al., 1995). Misexpression of 
Dsc1 in the epidermal basal layers of the transgenic mice did not result in abnormalities, 
neither in the skin and hair follicle histology and desmosome morphology at the 
ultrastructural levels (Henkler et al., 2001). However in Dsc1 knockout mice skin barrier 
function and epidermal adhesion are impaired and epidermal differentiation is 
abnormal, indicating that both adhesive and non-adhesive functions of Dsc1 play an 
important role in maintenance of epidermal tissue (Chidgey et al., 2001). In comparison 
to the other desmosomal cadherins, studies on Dsc1 are limited and further 
investigations are required.  
 
2.6. Desmocollin 2 in cancer and cell migration 
Dsc2 like Dsg2 is expressed in all desmosome possessing tissue, including simple 
epithelia, myocardium (Schafer et al., 1994; Schafer et al., 1996) and in the basal layers 
of the stratified epithelia (Theis et al., 1993). In several tissues and cell lines Dsc2 is the 
only isoform of desmocollins present. Mutations in Dsc2 are found in arrhythmogenic 
right ventricular cardiomyopathy (ARVC) which indicates importance of Dsc2 in normal 
cardiac desmosome formation and cardiac function (Heuser et al., 2006; Gehmlich et al., 
2011). Proper expression of Dsc2 is required for normal tissue homeostasis and reduced 
levels of Dsc2 are found in colorectal carcinoma. In vitro down regulation of Dsc2 in 
colonic epithelial cells resulted in increased cell proliferation through activation of 
Akt/β-catenin signaling (Kolegraff et al., 2011) [Figure 4].  Dsc2 does not interact with β 

catenin. However, regulation of Dsc2 
enhanced transcription of β-catenin. Akt 
activity in these cells was enhanced as well 
as levels of 3,4,5 triphosphate (PIP3) which 
is known to recruit Akt to the membrane. 
Akt enhanced activation of β-catenin by 
promoting its nuclear localization. Knock 
down of both Dsc2 and β-catenin prevented 
cell proliferation supporting that cell 
proliferation through down regulation of 
Dsc2 is dependent on β-catenin. This is a 
possible mechanism by which Dsc2 is 
involved in cancerogenesis (Kolegraff et al., 
2011). 

Colorectal cancer is not the only cancer 
associated with reduced levels of Dsc2. In 
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esophageal squamous cell carcinoma (ESCC) decreased expression of Dsc2 is associated 
with bad prognosis (Fang et al., 2010). In vitro down regulation of Dsc2 in ESCC cell lines 
increased cell motility through redistribution of adherens junctions and activation of β-
catenin signaling (Fang et al., 2013) indicating that Dsc2 regulation of β catenin plays 
and important role for controlled cell proliferation and motility, and that miss regulation 
leads to uncontrolled proliferation. 

Dsc2 involvement in motility was demonstrated in the wound healing assay experiments 
where Dsc2 was found to be present in the leading edge of migrating cells. While in 
non-migrating cells Dsc2 colocalizes with keratin, in migrating cells it colocalizes with 
actin in the leading edges (Roberts et al., 2011). 

 
2.7. Desmocollin 3 in cancer and epidermal and hair integrity  
Dsc3 is a characteristic desmocollin for stratified epithelia, it is found in the basal layer 
of the epidermis, in the hair follicle and in other stratified epithelia of the human 
respiratory and urogenital tract (Nuber et al., 1995). Mutations in the Dsc3 gene result 
in sparse and fragile hair and large skin vesicles filled with watery fluid (Ayub et al., 
2009). 

Knocking out Dsc3 in mice is embryotic lethal and at E2.5, before desmosome 
formation, most embryos have already disintegrated.  Thus, Dsc3 is essential for 
embryotic development (Den et al., 2006). In conditional Dsc3 null mouse loss of cell-
cell adhesion and hair in the epidermis was observed (Chen et al., 2008). Transgenic 
expression of Dsc3 in suprabasal layers in 
mice epidermis results in abnormalities, 
but only in the adulthood. These mice 
develop hair defects, altered epidermal 
proliferation and early differentiation of 
the keratinocytes in the epidermis. 
Furthermore, levels of β-catenin become 
upregulated in transgenic skin, 
suggesting that Dsc3 regulates β-catenin 
(Hardman et al., 2005).  

Altered expression of Dsc3 is found in 
several cancers, including lung 
squamous cell carcinoma (Wang et al., 
2007). In a mouse skin tumor model it 
was shown that loss of Dsc3 increases 
tumor incidence (Chen et al., 2008) and 
in lung cancer cell lines the Dsc3 gene 

Figure 5. Non-adhesive role of desmocollin 3. 
Dsc3 suppresses cancerogenesis via inhibition 
of ERK pathway. 
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appears to be hypermethylated and thus downregulated.  Ectopic expression of Dsc3 in 
these cell lines inhibited cell proliferation, anchorage-independent growth, migration, as 
well as invasion, and led to reduced phosphorylation levels of extracellular signal-
regulated kinase1/2 (ErK1/2). It seems that Dsc3 suppresses carcinogenesis through 
inhibition of EGFR/ERK pathway (Cui et al., 2012) [Figure 5]. 

3. Desmosomal armadillo proteins 

The proteins of armadillo family are named after a characteristic repeat of around 40 
amino acids (called armadillo repeat) and are important linker proteins in the 
desmosomal structure. Armadillo proteins in the desmosomes are plakoglobin and 
plakophilins 1-3 (Delva et al., 2009). Overview of non-adhesive function of desmosomal 
armadillo proteins is listed in table 3.  

Protein Suggested-non adhesive function Associated mechanism  References  

Pg Activation of Lymphoid enhancer-
binding factor/transcription factor 

Wnt/ß catenin signaling 
pathway  

Yin et al. 2005 

Suppression of cell motility Src kinase dependent 
signaling 

Yin et al. 2005 
Franzen et al. 
2012 

Regulation of apoptosis Wnt signaling pathway and 
Src activity 

Dusek et al. 2007 

Cell adhesion via regulation of keratin 
organization  

P38MAPK Spindler et al. 
2014 

Maintenance of epidermal stem cells 
and controlled differentiation  

cMyc suppression Williamson et al. 
2006 

Pkp1 Shifting desmosomal adhesion to 
calcium independent  

Increased incorporation of 
Dsg3 into desmosomes 

Tucker et al. 2014 

Cell proliferation Translation via recruitment 
of elF4A1 insulin/Akt 

Wolf et al. 2010, 
2013 

Cell survival Binding to DNA Sobolik-Delmaire 
et al. 2010 

Pkp2 Proliferation/migration/tumor 
development  

EGFR Arimoto et al. 
2014 

Regulation of actin cytoskeleton RhoA- and PKC-dependent 
pathways 

Godsel et al. 2010 

Pkp3 Desmosome and adherens junctions 
assembly  

Rap 1 GTPase Todorovic et al. 
2014 

Cancer progression/metastasis Keratin 8 phosphorylation Khapare et al. 
2012 

Table 3. Non-adhesive functions of desmosomal armadillo proteins: plakoglobin and 
plakophilins. Suggested non-adhesive function and its associated mechanisms. 
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3.1. Plakoglobin in Wnt/ß signaling, cell motility and apoptosis  
The 82 kDa plakoglobin (also called γ-catenin) is an intracytoplasmic plaque protein not 
found only in desmosomes, but also in another type of cell-cell junction, the adherens 
junction (Cowin et al., 1986). Pg binds to desmogleins and desmocollins and connects 
them with desmoplakin (Troyanovsky et al., 1994; Chitaev et al., 1996). Pg comprises 13 
central repeat domains of which repeat domains 1-4 are involved in binding to Dsg1 
(Witcher et al., 1996). Mutations in the Pg gene are associated with Naxons disease 
which is characterized by arrhythmogenic right ventricular cardiomyopathy, 
palmoplantar keratoderma and woolly hair, and to a lethal congenital form of 
epidermolysis bullosa (McKoy et al., 2000; Pigors et al., 2011). In pemphigus foliaceus 
(PF), Pg together with the targeted Dsg1 and pathogenic IgG becomes widely 
redistributed and clustered (Oktarina et al., 2011).  
 
That Pg is essential for the adhesive desmosomal function was demonstrated in Pg null 
mice, which died due to the skin blistering and heart defects during embryogenesis or 
just after birth (Bierkamp et al., 1996; Ruiz et al., 1996). In these mice, the number of 
desmosomes was reduced together with alterations of their structure. So far one case 
of lethal congenital epidermolysis bullosa was described, which was caused by a 
nonsense mutation in the JUP gene that encodes Pg. Here similar aberrations were seen 
(Pigors et al., 2011).  

The closest homolog of Pg is β-catenin that normally localizes to the adherens junctions, 
but became localized to the desmosomes in Pg mutant null mice. This could be a 
compensatory mechanism, even though it did not rescue completely (Bierkamp et al., 
1999). Pg mutations in the epidermis of the transgenic mice led to clinical phenotype of 
human palmoplantar keratoderma with increased thickening of the epidermis, 
increased cell apoptosis and cell proliferation, as well as increased levels of β-catenin (Li 
et al., 2012). 

Pg as the closest homologue of β-catenin is also indirectly involved in the canonical Wnt 
signaling pathway (Wnt/β catenin signaling) by competing with the active β-catenin 
pool in the cytosol and thereby affecting β-catenin localization and function (Simcha et 
al., 1998). Pg can bind to Lymphoid enhancer-binding factor/ transcription factor 
(LEF/TCF), promoting its transcription. However, the interaction of β-catenin with LEF is 
stronger than the interaction of Pg with LEF, hence it is proposed that Pg activates 
LEF/TCF transcription by elevating the level of endogenous β-catenin (Zhurinsky et al., 
2000). Pg is shown to suppress cell motility through regulation of Src kinase dependent 
signaling. This effect is independent of cell-cell adhesion, since both C- and N-terminally 
PG deletion mutants had proper adhesion, but only the C deletion mutant was able to 
suppress single cell motility. In addition, active Src antagonized the inhibitory effect of 
Pg on cell motility in Pg depleted cells (Yin et al., 2005). This inhibitory effect of PG on 
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cell motility was also demonstrated in prostate cancer cell lines. PG inhibits motility and 
invasion in prostate cancer cell lines through inhibition of Src signaling (Franzen et al., 
2012). Downregulation of PG results in loss of cell-cell adhesion, upregulation of the 
extracellular matrix protein vitronectin and activation of Src signaling, what in turn leads 
to increased prostate cancer cell motility (Franzen et al., 2012).  

Pg has a role in controlling cell adhesion via 
p38MAPK-dependent regulation of keratin 
filament organization (Spindler et al., 2014). 
Silencing of Pg caused activation of p38MAPK-
dependent keratin filament collapse and cell 
dissociation [Figure 6]. Another study showed 
that PG is a key suppressor of c-Myc in 
keratinocytes and has a role in pathogenesis of 
PV (Williamson et al., 2006). 

 

 

3.2. Plakophilin 1 in cell migration, translation and cell survival  
Pkp1 is a desmosomal plaque protein found in various stratified and complex epithelia 
(Heid et al., 1994), where it is present in desmosomes, cytoplasm and nucleus. It exists 
in two isoform variants Pk1a and Pkp1b where PKP1b is 21 amino acids longer than 
Pkp1a and found exclusively in the cell nucleus (Schmidt et al., 1997). Mutations of the 
Pkp1 gene in humans are associated with ectodermal dysplasia- skin fragility syndrome, 
which is characterized by skin thickening, loss of cell-cell adhesion and reduction in size 
and number of desmosomes in the epidermis (McGrath and Mellerio, 2010). 
Overexpression of Pkp1 enhances the number and size of cell-cell contacts in cultured 
cells (Bornslaeger et al., 2001; South, 2004), which correlates with the expression of Pkp 
in the lower regions of epidermis inhabited by larger desmosomes. Overexpression not 
only leads to larger desmosomes, but also increases desmosomal adhesion by shifting 
desmosomes from the calcium-dependent to the calcium-independent hyperadhesive 
state (Tucker et al., 2014). In line with this, Pkp1 deficient keratinocytes have less 
calcium-independent desmosomes and in wound healing assays these cells migrate 
faster (South et al., 2003). Also in cancers loss of Pkp1 is observed and its decrease 
seems to correlate with an aggressive phenotype (Breuninger et al., 2010). 
Under environmental stress Ppk1 is found in stress granules (granules containing 
translation pre-initiation RNA/protein complexes that due to stress failed translation) 
together with plakophilin3 (PKP3), eukaryotic translation initiation factor 4E (eIF4E) and 
the ribosomal protein S6 suggesting a role for Pkp1s in translation and RNA metabolism 
(Hofmann et al., 2006). Eukaryotic initiation factor 4A1 (eIF4A1) is a direct binding 

Figure 6. Non-adhesive role of 
plakoglobin. Silencing of Pg leads to 
activation of P38 MAPK and keratin 
filament retraction. 

Keratin filament retraction, actin collapse 
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partner of the head domain of Pkp1. This binding is important for the regulation of 
translation via recruitment of eIF4A1 to the initiation complex and eIF4A1 activation 
(Wolf et al., 2010). This leads to an overall up regulation of translation in Pkp1 
overexpressing cells, where the knockdown reduced protein biosynthesis. By enhancing 
translation rates Pkp1 can increase cell proliferation. This proliferation-promoting 
function is activated by growth factor signaling (Wolf et al., 2013). 

Pkp1 through its head domain can also bind single stranded DNA. During DNA damage 
and DNA replication levels of single stranded DNA are increased, and induction of DNA 
damage resulted in a partial redistribution of Pkp1 to the nucleus. Depletion of Pkp1 
resulted in increased cell survival in response to DNA damage. Thus Pkp1 through 
interaction with DNA seem to be able to influence cell survival (Sobolik-Delmaire et al., 
2010). 

3.3. Plakophilin 2 role in nucleus, maintance of cell migration and proliferation, 
formation of desmosomes and actin dynamics 
Pkp2 is the most widely distributed isoform among PKPs and it is present both in 
desmosomes and the nucleus (Mertens et al., 1996). In the epidermis its expression is 
restricted to the basal layer (Mertens et al., 1999). Mutations in Pkp2 are common in 
arrhythmogenic right ventricular cardiomyopathy (ARVC) (Gerull et al., 2004). Lack of 
Pkp2 in mice resulted in alterations of cardiac muscle and cardiac function, indicating an 
important role in heart tissue (Grossmann et al., 2004). Down regulation of Pkp2 in cells 
resulted in accelerated migration and increased proliferation but also in adiposis 
(Matthes et al., 2011), which could explain that in ARVC myocardial tissue is replaced by 
fibrous and adipose tissue. 

In the nucleus, Pkp2 has been detected in specific complexes containing the largest 
subunit of RNA polymerase III (RPC155), the pol III subunit of 39 kDa and transcription 
factor TFIIIB and also in distinct nucleoplasmic granules (Mertens et al., 2001). This 
interaction may provide a clue to the nuclear function of Pkp2, although RNA 
polymerase III has a very general role in DNA transcription. Pkp2 was found to be a 
substrate of Cdc25C-associated kinase 1 (C-TAK1). C-TAK1 phosphorylates Pkp2 and 
thereby generates a 14-3-3 binding site. A mutation in the 14-3-3-binding site results in 
an increased nuclear localization of Pkp2, suggesting that 14-3-3 binding is likely to be 
involved in the nuclear shuttling of Pkp2 (Muller et al., 2003). 

Pkp2 seems to have an important role in proper assembly of desmosomes.  There is 
some evidence that PKP2 governs desmoplakin assembly dynamics by scaffolding a Dp-
P2-protein kinase Cα (PKCα) complex, which is disrupted by Pkp2 knockdown. Bass-
Zubek et al. proposed a model whereby cell-cell contact triggers a signal, and Pkp2, 
either directly or in conjunction with other scaffolding proteins, is required for 
communicating this signal by recruiting activated PKC to Dp, which in turn is 
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phosphorylated. The phosphorylation of DP allows for assembly into cell-cell junctions 
(Bass-Zubek et al., 2008). 

The possible relation between Pkp2 and actin dynamics to promote desmosome 
assembly was studied by Godsel et al (Godsel et al., 2010). They show that a pool of 
Pkp2 appears at newly forming cell-cell junctions, together with E-cadherin and before 
Dp assembly into desmosomes during the early stages of actin rearrangements. Loss of 
Pkp2 results in structural defects in cortical actin remodeling, accompanied by a defect 
of RhoA to concentrate at cell-cell interfaces, and an overall elevation of cellular RhoA 
and downstream indicators of contractile signaling. Activation of RhoA accelerated DP 
assembly into desmosomes. Together with the earlier finding of Bass-Zubek et al., these 
data suggest that Pkp2 may functionally link RhoA- and PKC-dependent pathways to 
drive actin reorganization. Godsel and al. claim that RhoA and PKC cannot function in 
the same pathway, since RhoA activity was not affected either by silencing or elevating 
PKCα activity. 

Pkp2 was shown to specifically interact with EGFR via its N-terminal head domain and 
enhances EGF-dependent and EGF-independent EGFR dimerization and 
phosphorylation, resulting in EGFR activation, which is shown to be implicated in tumor 
development (Arimoto et al., 2014) . 

 

3.4. Plakophilin 3 function in hair, skin, neural tracts, cell migration and proliferation 
Pkp3 is equally distributed among all the epidermal layers and is found in most simple 
and stratified epithelia. In the cell Pkp3, as Pkp1, localizes to the desmosome, cytosol 
(stress granules) and nucleus (Hofmann et al., 2006; Bonne et al., 1999). Human 
disorders due to mutations in the Pkp3 gene are not known. It is important in 
morphogenesis of the hair follicle, since Pkp3 knockout mice showed impaired hair 
development. The epidermis of the mice thickened, suggesting increased proliferation, 
but no differences in differentiation of keratinocytes were observed (Sklyarova et al., 
2008). Another interesting finding was that Pkp3 knockout mice were prone to 
dermatitis what may indicate that Pkp3 is involved in limitation of inflammatory 
reactions in skin.  

A possible role of Pkp3 in cell proliferation was demonstrated in a colorectal cancer cell 
line (Khapare et al., 2012). Loss of Pkp3 resulted in an increased neoplastic progression 
and metastasis, which was associated with increased levels of keratin-8 (K8). Inhibition 
of K8 expression in the Pkp3 knockdown clone resulted in less cell migration during a 
scratch wound assay. Altered cell migration is often accompanied by altered actin 
dynamics and the formation of actin dependent structures such as lamellipodia. 
Inhibition of K8 expression in the Pkp3 knockdown clone resulted in decreased 
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lamellipodia formation. K8 Pkp3 double knockdown clones showed decreased colony 
formation, tumorigenesis and metastasis in nude mice (Khapare et al., 2012). These 
results indicate that Pkp3 is very important for cell migration and metastasis, and that 
stabilization of K8 filaments may be one mechanism by which Pkp3 loss leads to tumor 
progression and metastasis. 

It has been demonstrated that PKP3 mediates desmosome and adherens junction 
assembly by maturation of Rap1 GTPase (Todorovic et al., 2014). 

4. Plakins   

The plakin family functions as a structural protein in desmosomes and links the 
intermediate filament to the desmosomal plaque. The most important plakin found in 
all desmosomes is thought to be desmoplakin, which has recognized non-adhesive roles 
[Table 4].  
 

 
Table 4.  Non-adhesive functions of desmoplakin. Suggested non-adhesive function with its 
associated signaling pathway/mechanism. Dsg4 and Dsc1 non-adhesive functions are less studied. 
 

4.1. Desmoplakin in actin and microtubule organization and cell proliferation 
Desmoplakin (DP), a plakin family protein which exists in two variants DPI (322kDa) and 
DPII (259kDa), is ubiquitously expressed in all cells and tissue that possess desmosomes 
(Delva et al., 2009; Garrod and Chidgey, 2008; Hatsell and Cowin, 2001). Genetic 
mutations in the gene that encodes DP are found in the following disorders: 
arrhythmogenic right ventricular cardiomyopathy (Rampazzo et al., 2002), striate 
palmoplantar keratoderma (Armstrong et al., 1999), skin fragility/woolly hair (Whittock 
et al., 2002) and lethal acantholytic epidermolysis bullosa (Jonkman et al., 2005).  

Its importance in anchoring intermediate filaments to desmosomes was demonstrated 
in DP knockout mice in which the keratin filament network was distracted and DP null 
embryos died at the early embryotic stage just after implantation (Gallicano et al., 
1998). When DP function was rescued in extra embryotic tissue of DP knock out and 
wild type embryos, which died after gastrulation, defects were found in heart, 
epidermis, neuroepithelium, but also in the microvasculature tissue, which does not 
possess desmosomes, suggesting its importance outside desmosomes. A LAEB patient, 
who had a mutation in DP, resulting in the deletion of the IF binding domains, died a 

Protein Suggested non-adhesive 
function  

Associated mechanism References  

Dp Inhibition of cell proliferation 
 

MAPK/PI3K Wan et al. 2007 

 Regulation of actin network - Bornslaeger et al. 
1996 

Microtubule regulation Ninetin Lechler et al. 2007 
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few days after gestation, indicating that the other domains are essential for fetal 
development (Jonkman et al., 2005). 

In skin DP is essential in epidermal sheet formation (Vasioukhin et al., 2001). Cell culture 
studies revealed a role of DP in assembly of adherens junctions, since cell lines 
expressing DP, lacking the keratin filament binding domain, showed redistribution of 
adherens junction components (Bornslaeger et al., 1996). Silencing DP in a human 
keratinocytes cell line resulted in increased cell proliferation and activation of the MAPK 
and PI3K signaling pathway (Wan et al., 2007). How DP interacts with these pathways is 
not known. In a epidermal specific DP knock down mice, less adherens junctions and 
reorganization of actin filaments was observed in the epidermis (Vasioukhin et al., 
2001). In intestine of intestine specific DP knockout mice actin organization and 
microvillus structure was impaired, but cell adhesion and keratin organization was not 
affected (Sumigray and Lechler, 2012). These findings show the importance of DP in 
actin filament organization both in epidermis and intestinal epithelium. Since DP does 
not contain an actin binding domain, the question remains how DP affects actin 
organization and assembly of adherens junctions. In addition to actin regulation, DP also 
plays a role in microtubule organization. Ninetin, the centrosomal protein required for 
microtubule anchoring is shown to be recruited by DP in differentiation-related 
reorganization of microtubules. In mice embryos with epidermal-specific loss-of-
function mutations in DP, microtubules had a cytoplasmatic concentration instead of 
junctional in the basal layer of the epidermis (Lechler and Fuchs, 2007). Besides ninetin, 
other centrosomal proteins among them Lis1, are recruited to the cell cortex by DP 
upon epidermal differentiation (Sumigray and Lechler, 2012).  

5. Concluding remarks 

Adhesion molecules of the desmosome have more functions than mere adhesion. An 
important observation is that up and down regulation of components can have major 
effects on cells as major signaling pathways become affected. A critical remark to make 
is however that the majority of the suggestive functions originate from cell models and 
that confirmation from human tissue is inevitably needed. This thesis addresses the 
histopathology of pemphigus skin at the ultrastructural level. Conclusions from 
experiments described here have also heavily influenced pemphigus research over the 
past fifteen years.  
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1. Introduction 
 

Autoimmune bullous diseases are a heterogeneous group of disorders associated with 
auto-antibodies directed against desmosomal proteins (pemphigus group) or 
hemidesmosomal proteins (pemphigoid group including epidermolysis bullosa aquisita) 
or against epidermal transglutaminase (dermatitis herpetiformis) (Baum et al., 2014). 
The main clinical manifestation of these disorders is a blister, caused by loss of cell-cell 
or cell-matrix adhesion, and depending on its histological localization the diseases are 
divided into those with intraepidermal (intraepithelial) and those with subepidermal 
(subepithelial) loss of adhesion [Figure 1] (Baum et al., 2014; Kneisel and Hertl, 2011). 
Intraepidermal (intraepithelial) blistering diseases are caused by antibodies against 
desmosomal proteins and compromise the pemphigus group, a group of 
mucocutaneous autoimmune blistering disorders with loss of cell-cell adhesion 
(acantholysis) in the skin and/or mucous membranes (Joly and Litrowski, 2011). Where 
blisters form depends on the antigens targeted as these have different distributions 
over the layers of the different stratified epithelia [Table 1]. Why pemphigus patients 
produce auto-antibodies and how these cause blisters is still unknown and several 
hypotheses about the pathomechanism can be found in the literature. In this chapter 
we will discuss the different forms of pemphigus and the current theories on 
pathogenesis. 
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Table 1. Pemphigus forms, their targeted antigens and clinical symptoms. Taken with permission 
(Jonkman, 2016). 

Disease  Target 
antigens  

Clinical symptoms  

 
Pemphigus vulgaris, 
mucosal dominant  

Dsg3 Painful erosions of the oral mucosa  

Pemphigus vulgaris, 
mucocutaneous  

Dsg1, Dsg3 Painful blisters and erosions of the oral mucosa 
and skin  

Pemphigus vegetans, 
Hallopeau type  

Dsg3 Pustules accumulate in body folds and around 
orifices, easily secondarily infected  

Pemphigus vegetans, 
Neumann type  

Dsg3 Papillomas accumulate in body and around 
orifices easily secondarily infected  

Pemphigus foliaceus  Dsg1 Crusted plaques with multiple layers of scaling, 
which easily erodes at the scalp, temples, 
periorbicular area, neck, upper chest and back 

Endemic pemphigus  Dsg1 Localized form (form fruste) and generalized 
form (bullous invasion, keratotic, 
hyperpigmented, pemhigus herpetiformis and 
exfoliative erythroderma) 

Pemphigus 
erythematosus 

Dsg1 Lupus-like butterfly rash and seborrheic 
distribution. Evoked by UV light 

Pemphigus herpetiformis  Dsg1, Dsg3 Grouped (herpetiform) distribution of itching 
erythematous vesicular/bullous/papular lesions, 
often in an annular-shaped pattern. Nikolsky’s 
sign is negative 

IgA pemhigus, subcorneal 
pustular dermatosis type 

Dsc1 Erythematous skin lesions with tiny superficial 
circinate pustules, desqumation from the edges 
surfacing the entire body, particularly in the 
intertriginous areas  

IgA pemhigus 
intraepidermal 
neutrophilic IgA 
dermatosis type 

Unknown  Annular erythematous plaques with circinate 
pustules and crusts that spread outwards and 
heal inwards in a sunflower-like appearance 

Drug-induced pemphigus  Dsg1, Dsg3 Prodromal stage with pruritus and nonspecific 
lesions preceding the genuine pemphigus lesions, 
mimicking all variants of pemphigus  

Paraneoplasitc pemphigus Envoplakin, 
periplakin, 
desmoplakin, 
BP230, 
A2ML1, 
Dsg1, Dsg3 

Painful severe oral stomatitis, with hemorrhagic 
crusts. Flaccid to tense blisters at the face, trunk 
and extremities. Generalized lichenoid erythema. 
Sproadically shortness of breath. Underlying 
neoplasm.  
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2. Forms of pemphigus 

Pemphigus disorders can be divided into the classical forms pemphigus vulgaris and 
pemphigus foliaceus and the non-classical forms pemphigus herpetiformis, 
paraneoplastic pemphigus, IgA pemphigus and drug-included pemphigus. Based on the 
histological localization of acantholysis (cell-cell separation) we distinguish the 
superficial forms, where acantholysis is located in the subcorneal layers (subcorneal 
blistering diseases) and the deep forms with suprabasal acantholysis (suprabasal 
blistering diseases) [Figure 1]. Superficial forms include sporadic and endemic 
pemphigus foliaceus and pemphigus erythematosus, while deep forms are pemphigus 
vulgaris and its subforms (Ioannides et al., 2008). The localization of acantholysis in the 
non-classical forms is not well defined. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Schematic presentation of epidermis and localization of the blisters in the autoimmune 
blistering diseases. In the intraepidermal blistering diseases acantholysis occurs in the epidermis 
since autoantibodies target desmosomal proteins. In the subepidermal blistering diseases 
acanthoylsis occurs below the epidermis. 
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2.1. Classical forms of pemphigus  

Pemphigus vulgaris  
Pemphigus vulgaris (PV) is the most common form of pemphigus with an incidence of 
0.1-0.5/100 000 (Kneisel and Hertl, 2011). It is more common among Jewish or 
Mediterranean ancestry and associated with certain HLA types (HLA-DRB*1 0402 and 
1401/04), but it is not a hereditary disease. The disease manifests mainly between the 
fourth and sixth life decade. PV compromises two main forms: mucosal dominant 
(mdPV) and mucocutaneous pemphigus vulgaris (mcPV). In addition to classical PV, 
special PV forms exist: pemphigus vegetans and neonatal pemphigus.  

In mdPV form autoantibodies against desmoglein 3 (Dsg3) are present and these cause 
blisters and erosions on the mucous membranes (Amagai and Stanley, 2012; Amagai et 
al., 1991). Blistering can occur in the oral and nasal cavity [Figure 2], in the mucosa of 
the cornea, laryngo-pharynx, esophagus, anal canal, vagina and internal portion of the 
lips with non-keratinized epithelium. Blisters rapidly rupture leading to chronic lesions. 
Histologically acantholysis is seen in the suprabasal layers. Loss of cell-cell contact of the 
basal cells leads to the so-called row of tombstones formed out of the cells that have 
lost contact with their neigbours but remain attached to basement membrane zone. 

In mcPV forms, autoantibodies against Dsg1 and Dsg3 are present what leads to 
blistering of both the skin and mucous membranes. Cutaneous lesions can occur on the 
entire skin surface; but mechanically strained and intertriginous sites are predilection. 
Acantholysis is similar to mdPV located in the suprabasal layers.  

Pemphigus vegetans received its name from the marked tendency for the development 
of papillomatous and verrucous vegetations (Kneisel and Hertl, 2011). The lesions are 
mainly located in the intertriginous areas. Two types of pemphigus vegetans can be 
distinguished: the Neumann type and the Hallopeau type (Ahmed and Blose, 1984). The 
Neumann type takes an aggressive course with the formation of whitish, macerated 
plaques, while in the Hallopeau type initially pustules appear that transform into warty 
lesions. 

Neonatal pemphigus occurs by transplacental transmission of autoantibodies produced 
by a pregnant woman with PV (Gushi et al., 2008). 

 
Pemphigus foliaceus  
Pemphigus foliaceus (PF) is characterized by superficial skin lesions with intact mucous 
membranes, and it is classified into sporadic PF (Cazenave type), endemic PF (Fogo 
Selvagem) and pemphigus erythematosus. The autoantibodies in PF are directed against 
Dsg1 and the lesions are histologically located in the upper layer of the epidermis 
(Amagai and Stanley, 2012; Dasher et al., 2008). Lesions in PF mainly have a seborrheic 
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distribution on face, scalp and upper trunk. In central and southern Brazil, an endemic 
form of pemphigus called ‘’Fogo selvagem’’ (wild fire) is found. It is believed to be 
induced by bites of black flies of the Simuliidae (Crosby and Diaz, 1993; Aoki et al., 
2004). Other regions of endemic PF are reported in Tunisia, Tanzania and Tibet (Meyer 
and Misery, 2010) 
Pemphigus erythematosus (Senear-Usher syndrome) is associated with lesions on the 
face that have a butterfly like distribution as lupus erythematosus (Steffen and Thomas, 
2003). Autoantibodies are deposited on the surface of the keratinocytes as in PF, but in 
PE complement and IgG is also found at the basement membrane zone. This ‘lupus 
band’ is described to contain the shedded ectodomain of Dsg1 (Oktarina et al., 2012).
  

Figure 2. Clinical presentation of pemphigus. a) Eroded blister on the skin of pemphigus foliaceus 
patient. b) Erosions on the buccal mucosa of mucosal dominant pemphigus vulgaris patient. c) 
Blisters, erosions and crusts on the skin of the mucocutaneous pemphigus vulgaris patient. 
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2.2. Non-classical forms of pemphigus  

Pemphigus herpetiformis 
Pemphigus herpetiformis (PH) is one of the less common forms of pemphigus and it is 
characterized by clinical features of dermatitis herpetiformis and the immunologic 
characteristics of pemphigus (Kasperkiewicz et al., 2014). Skin lesions are erythematous, 
vesicular, bullous or papular, often annular shaped and with severe pruritus. Mucous 
membranes are rarely affected. Histologically PH presents with spongiosis and 
microabscesses in the mid or subcorneal epidermis, mostly without acantholysis. 
Autoantibodies are mostly against Dsg1, less frequently against Dsg3. Recently 
autoantibodies against Dsc were described (Ishii et al., 2015). 
 
IgA pemphigus  
IgA pemphigus is a rare entity among pemphigus and clinically it is presented by blisters 
and pustules on erythematous or on normal skin. There are two distinct types of IgA 
pemphigus: the subcorneal pustular dermatosis (SPD) type and the intraepidermal 
neutrophilic (IEN) type (Kneisel and Hertl, 2011; Hashimoto, 2001). In SPD type 
superficial pustular lesions are present on the entire body, with predilection of the 
intertriginous regions, while the IEN type presents with atypical regions of pustules in an 
annular or circinate arrangement with a crust in the middle (sunflower-like 
configuration) (Hashimoto, 2001). Histologically, neutrophil infiltration and acantholysis 
are observed and tissue-bound and circulating IgA antibodies are found that target 
target desmosomal (SPD) or nondesmosomal (IEN) cell surface components. In SPD type 
desmocollin 1 is identified as the autoantigen (Hashimoto et al., 1997), while in the IEN 
type auto-antigen is still not known, although in one case Dsg1 was identified (Karpati et 
al., 2000).  
 
Paraneoplastic pemphigus  
Paraneoplastic pemphigus (PNP) is a distinct autoimmune blistering disease associated 
with the presence of certain mainly lymphoproliferative cancers. Autoantibodies found 
in PNP are against desmoplakin I, desmoplakin II, envoplakin, periplakin, plectin and 
alpha-2-macroglobulin-like-1 protein, a broad range protease inhibitor expressed in 
stratified epithelia (Yong and Tey, 2013). Clinically PNP manifests with painful mucosal 
blisters that can be accompanied by skin lesions and systemic involvement. The skin 
eruptions can be diverse and may manifest as lesions of pemphigus, pemphigoid, 
erythema multiforme or graft versus host disease (Yong and Tey, 2013). 
 
Drug induced pemphigus  
Drug induced pemphigus (DIP) is commonly induced by drugs that contain thiol 
compounds like penicillamine, captopril, bucillamine and thiopropin, as well as by drugs 
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that contain sulfur in their molecule that may undergo metabolic changes to form active 
thiol groups, like penicillins, cephalosporins and piroxicam (Brenner et al., 1998).  Also 
some non-thiol drugs like enalapril are reported to induce DIP. Clinically DIP starts with 
non-specific manifestations and later resembles PV or PF (Brenner et al., 1998). 
Antibodies to Dsg1 and Dsg3 are reported (Feng et al., 2011). After the discontinuation 
of the responsible medication lesions may heal. 
 

3. Pemphigus pathogenesis  

The hallmark of autoimmune disorders is the activation of self-reactive T and B cells. 
Self-reactive T and B cells arise routinely in healthy individuals and are normally 
eliminated by negative selection by antigen ligation of the T cell receptor (TCR) and B 
cell receptor (BCR).  In autoimmune disorders self-reactive cells however escape 
negative selection and tissue injury is then caused by auto-reactive T cells or 
autoantibodies produced by auto-reactive B cells (Rose and Mackay, 2006). 
Autoantibodies can directly bind the targeted antigen and induce tissue damage by 
recruitment of destructive immune cells and other immunological components. 
Pemphigus is an exception as in an in vitro skin model purified pemphigus patient IgG in 
the absence of immune cells was sufficient to cause acantholysis (Oktarina et al., 2011) 

Soluble antibodies produced by effector B cells belong to the protein class of 
immunoglobulins (Ig). The basic structure of the Ig molecule consists of two heavy and 
two light chains which are held together by a combination of covalent and non-covalent 
bonds to from a Y shaped molecule. Each chain in Ig molecule has a variable (V) and a 
constant (C) region (Lipman et al., 2005). The variable parts of heavy and light chains 
pair to form the part that binds the antigen. The whole Y molecule structure can be 
cleaved by papain giving two Fab fragments (Fragment antigen binding) and one FC 
fragment that has no antigen binding capability. These three fragments are connected 
by flexible hinge region that allows the arms of the Y molecule to adopt different angles. 

There are five classes of antibodies IgA, IgD, IgE, IgG and IgM. The IgG class has four 
subclasses (IgG1-4). In pemphigus the main antibodies are of the IgG class although 
approximately half of the patients also have some IgA autoantibodies (Mentink et al., 
2007). Also IgE and IgM autoantibodies have been reported (Nagel et al., 2010). In IgA 
pemphigus so far only IgA autoantibodies are reported. Most autoantibodies in patient 
with active PV and PF are from the IgG4 subclass, while in the patients in remission they 
are often of the IgG1 subclass (Bhol et al., 1995; Kricheli et al., 2000). 
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3.1. Pathogenicity of pemphigus autoantibodies 
It is possible to demonstrate the pathogenicity of autoantibodies in vivo and in vitro 
models (van der Wier et al., 2010).  In vivo injection of pemphigus autoantibodies into 
the peritoneum of mice produces the clinical, histological and immunological 
characteristics of pemphigus (Anhalt et al., 1982; Futamura et al., 1989). The same can 
be induced in mice models with grafted human skin where pemphigus IgG is injected 
into the dermis of the grafted human skin (Zillikens et al., 2001). When anti-Dsg1 and 
anti-Dsg3 IgG were removed by immuno-adsorption against the recombinant 
extracellular domains of Dsg1 and Dsg3 the sera lost their blister inducing capacity when 
injected in neonatal mice (Amagai et al., 1994).  
In vitro pemphigus auto-antibodies cause acantholysis in organ cultures of normal 
human skin (van der Wier et al., 2010; Michel and Ko, 1977; Hashimoto, 1988). 
Incubation of normal human skin with either heated serum or purified IgG leads to 
acantholysis which indicates that this reaction is independent of complement (Michel 
and Ko, 1977; Oktarina et al., 2011; Schiltz and Michel, 1976). Fab fragments of 
pemphigus IgG molecules induce acantholysis indicating that this reaction does not 
depend on the subclass of IgG (Oktarina et al., 2011). 

3.2. Autoreactive T cells in pemphigus 
Autoreactive T cells are important in pathogenesis of antibody and cell-mediated 
autoimmune disorders.  It has been shown that autoreactive T cells play an important 
role in helping B cells to produce pathogenic auto-antibodies in PV (Hertl and Riechers, 
1999). In animal models proof was obtained that both T- and B-cells recognizing Dsg3 
are needed for the pathogenesis of PV (Tsunoda et al., 2002). Auto-reactive T cells in 
pemphigus secrete both Th2 and Th1 cytokines and recognize epitopes of the 
extracellular domain of Dg3 (Lin et al., 1997; Hertl et al., 1998; Hertl and Veldman, 
2003). Autoreactive T cells have also been identified in endemic form of pemphigus 
foliaceus (Lin et al., 2000). 
  
3.3. Antigens in pemphigus 
In 1964 Beutner and Jordon discovered circulating autoantibodies in pemphigus sera 
that were directed against the cell surface of keratinocytes (Beutner and Jordon, 1964). 
Then in 1986 Stanley et al proved that the antigen of pemphigus foliaceus was Dsg1. 
Some years later Dsg3 was found as the antigen of pemphigus vulgaris (Amagai et al., 
1991). Dsg1 and Dsg3 are considered to be the main pemphigus antigens and are 
transmembrane adhesion molecules present in desmosomes (see chapter 1a and 1b). 
Other desmosomal proteins have incidentally also been identified as pemphigus 
autoantibodies [Table 1] Dsc2, Dsc3 and DP are also recognized as target antigen is 
some patients with PV (Hisamatsu et al., 2004; Mao et al., 2010; Mimouni et al., 2004). 
Dsc1 and seems to be the relevant target antigens in IgA pemphigus. A few studies 
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suggest a possible role for non-desmosomal antigens in pemphigus: E-cadherin 
(Evangelista et al., 2008); PERP- peripheral myelin protein (Kalantari-Dehaghi et al., 
2011) and cholinergic receptors (Nguyen et al., 2004). 

In paraneoplastic pemphigus the immune response can be directed to multiple 
antigens. Besides Dsg3 and Dsg1 these include BP230, desmoplakin, envoplakin, 
periplakin, plectin, alpha-2-macroglobulin-like-1 protein, Dsc3, Pkp3 and other unknown 
proteins (Anhalt et al., 1990; Kim et al., 1997; Proby et al., 1999; Brandt et al., 2012; 
Lambert et al., 2010) 

 
3.4. Molecular mechanism of acantholysis in pemphigus  
Blisters in pemphigus patients are result of acantholysis. Various studies proved the 
capability of pemphigus sera or purified IgG to induce acantholysis without activation of 
other parts of the immune response. The question how antibodies are capable of doing 
this is still not solved and to this day several theories that try to explain the 
pathomechanism exist. The main theories are the steric hindrance, the cell signaling and 
the desmoglein non assembly depletion theory [Figure 3]. 
 
Steric hindrance 
The steric hindrance theory states that acantholysis is caused by the direct interference 
of pemphigus IgG with the amino-terminal extracellular domain of desmogleins. As 
these domains are the actual binding domains that interconnect two opposite 
desmogleins with each other it is thought that the binding of IgG would weaken this 
binding and that desmosomes therefore would split lengthwise [Figure 3a]. 
Immunomapping of pathogenic antibodies has demonstrated that they indeed do bind 
to the amino-terminal extracellular domain of Dsgs (Tsunoda et al., 2003; Sekiguchi et 
al., 2001). Furthermore in a mouse model PV IgG targeting epitopes at the amino-
terminal part of the extracellular region of Dsg3 induced, but not PV IgG that targets the 
extracellular region more close to the cell membrane (EC3-5) (Amagai et al., 1992). 
Electron microscopy showed split half-desmosomes around the blisters in PF and PV 
(Wang et al., 2009).  
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Figure 3. Schematic presentation of the main pemphigus pathogenesis theories. a) Steric 
hindrance theory: loss of cell-cell adhesion occurs due to the direct interference of IgG with 
desmoglein transinteraction. b) Signaling theory: loss of cell-cell adhesion occurs due to activation 
of signaling pathways RoA, P38MAPK, c-Myc or apoptosis after binding of IgG to the targeted 
desmogleins. c) Desmoglein depletion theory: loss of cell-cell adhesion occurs due to endocytosis of 
free non-desmosomal desmogleins which are not able to incorporate into desmosomes. 
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Cell signaling theory  
Several studies have demonstrated that modulation of certain signaling pathways 
prevents keratinocyte dissociation induced by pemphigus autoantibodies and that 
inhibition of these pathways prevents loss of cell-cell adhesion. p38MAPK, Rho family 
GTPase, c-Myc and plakoglobin, protein kinase C, phospholipase C signaling pathways 
and apoptosis have been suggested to be involved in pemphigus pathogenesis [Figure 
3b]. 
RhoA signaling pathway. Rho is a member of the Ras superfamily of small GTP-binding 
proteins that play a central role in diverse biological processes such as actin 
cytoskeleton organization, microtubule dynamics, gene transcription, oncogenic 
transformation, cell cycle progression, adhesion and epithelial wound repair. It was 
shown on an ex vivo living human skin model and in cultured HaCat (immortalized 
human keratinocytes) cells that effects of PF and PV IgG were abolished by activation of 
RhoA 60 which suggests that RhoA signaling is important in the pathogenesis (Waschke 
et al., 2006). 

P38 MAPK signaling pathway. The p38 mitogen activated protein kinase (MAPK) 
pathway is activated upon external stress and leads to diverse biological effects 
(Cuadrado and Nebreda, 2010). Incubation with PV IgG led to rapid phosphorylation of 
heat shock protein 27 (HSP27) and p38MAPK in a cell line model and inhibition of 
p38MAPK prevented PV IgG-induced HSP27 phosphorylation, keratin filament retraction 
and actin reorganization (Berkowitz et al., 2005). p38MAPK inhibition prevented also 
formation of blisters in mice by both PV and PF antibodies (Berkowitz et al., 2006). 
Increased phosphorylation was also found in PV and PF patient skin (Berkowitz et al., 
2008). When pemphigus serum is added to cultured keratinocytes it induces 
internalization of Dsg3 and this internalization can be prevented by adding a p38MAPK 
inhibitor (Jolly et al., 2010). However pathogenic monoclonal antibodies  did not  cause 
loss of cell-cell adhesion in cultured cells and p38MAPK was not activated what Mao et 
al. made hypothesize that this was due to compensation by Dsg1 (Mao et al., 2011).  
Pathogenic monoclonal PV antibodies can cause loss of cell-cell adhesion without 
activation of p38MAPK kinase and alteration of Dsg3 trafficking, while polyclonal patient 
antibodies alter Dsg3 and activate p38MAPK kinase. This and the previous study 
therefore questions if P38MAPK activation is a primary event or rather a result of 
blistering (Saito et al., 2012).  

C-Myc signaling. C-Myc is known to induce stem cells proliferation and terminal 
differentiation in keratinocytes. Plakoglobin as an important protein of desmosomes is a 
crucial suppressor of c-Myc in keratinocytes and PV antibodies have been shown to 
induce depletion of PG from soluble pools of Dsg3 and reduce nuclear PG. By this PV 
antibodies abolished PG/Lef-1-mediated c-Myc suppression. Furthermore c-Myc 
inhibitors suppress PV pathogenesis in a mouse model system (Williamson et al., 2006).  
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High nuclear c-Myc is found in keratinocytes of PV patient skin (Williamson et al., 2007). 
Experiments with PG knock-out keratinocytes suggest that PG is a main effector of the 
PV IgG-induced signals downstream of c-Myc that disrupts the desmosomal plaque at 
the plasma membrane (de Bruin et al., 2007).  

Protein kinase C. Protein kinase C isoenzymes are translocated from the cytosol to the 
particulate/cytoskeleton fraction upon  adding PV IgG to cultured cells indicating that 
they might  play a role in signaling cascades in pemphigus pathogenesis (Osada et al., 
1997). 

Apoptotic pathways. Apoptosis occurs normally during ageing and development and as 
a homeostatic mechanism to maintain a population of cells in tissues. Apoptosis occurs 
also as a defense mechanism and during diseases. Two main apoptotic pathways are the 
intrinsic or mitochondrial pathway and the extrinsic or dead receptor pathway (Elmore, 
2007). In cultured keratinocytes Fas ligand, p53, Bax are expressed as well as the 
activation of caspase 8 when PV IgG is added (Wang et al., 2004). Fas ligand was 
demonstrated in PV sera, while skin organ cultures incubated with PV sera showed 
activation of Fas ligand, Fas receptor and p53 (Wang et al., 2004). Positive Tunel staining 
is also reported in PV skin and in keratinocytes incubated with PV serum (Frusic-Zlotkin 
et al., 2005; Puviani et al., 2003; Wang et al., 2004). However a recent extensive study 
on patient skin that included several apoptosis important enzymes but also the gold 
standard electron microscopy could find not a hint of evidence that apoptosis is part of 
the acantholytic process (Janse et al., 2014). 

 

Desmoglein non assembly depletion theory  
Pemphigus non assembly depletion theory explains that pemphigus auto-antibodies 
bind the non-junctional desmoglein that cannot be incorporated into desmosomes 
leading to depletion of the targeted desmoglein. If neither Dsg1 nor Dsg3 is available for 
incorporation desmosmes cannot form anymore leading to loss of cell-cell adhesion 
(Oktarina et al., 2011) [Figure 3c].  

Supportive evidence for this theory was already early obtained from research on PV IgG 
and cell culture models. Two pools of Dsg3 are recognized the non-junctional 
membrane (Triton X soluble) and the desmosomal (Triton X- insoluble) (Aoyama and 
Kitajima, 1999). Upon incubation with PV auto-antibodies, the non-junctional pool of 
Dsg3 is first depleted (20 min), while the desmosomal pool of Dsg3 is depleted at a 
much later stage (Aoyama and Kitajima, 1999; Cirillo et al., 2006; Jennings et al., 2011). 
The non-junctional Dsg3 is rapidly depleted by endocytosis (Jennings et al., 2011) and 
this endocytosis is independent of clathrin and dynamin (Delva et al., 2008). Labeling for  
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pemphigus IgG in primary human keratinocytes under electron microscopy showed its 
presence in vesicles that surrounded the nucleus (Calkins et al., 2006). Jennings et al. 
demonstrated that Dsg3 is depleted in three distinct phases in primary human 
keratinocytes [Figure 4]. In the first phase a rapid depletion of non-junctional Dsg3 by 
endocytosis takes place [Figure 4b], which is followed by a second phase of 
rearrangement of Dsg3 [Figure 4c] and other desmosomal components into linear 
arrays that run perpendicular from the cell membrane [Figure 4d]. Finally endocytosis 
takes place from the ends of these arrays. Interestingly, linear arrays contain 
desmosomal components, but not components of adherens junctions and they 
colocalize with actin filaments but not with keratin filaments. It is demonstrated that 
linear arrays only align with keratin filaments (Jennings et al., 2011). It was 
demonstrated that Dsg3 endocytosis induced by PV antibodies is membrane raft 
dependent and that membrane raft components were enriched in linear arrays (Stahley 
et al., 2014). This group demonstrated using Structured Illumination Microscopy (SIM) 
that linear arrays are induced by PV in skin model.  

 

 

 

 

 

 

Figure 4. Schematic presentation of desmoglein 
depletion in three distinct phases described in 
Jennings et al. a) A cell with free non-
desmosomal desmogleins and desmosomal 
desmogleins. b) First phase of depletion: binding 
of pemphigus IgG triggers rapid internalization 
of non-desmosomal IgG. c) Rearrangement of 
desmosomal Dsg into linear arrays and 
internalization from linear arrays. 
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In skin of PF and PV patients the targeted desmoglein and IgG do not have the smooth 
membrane localization as seen normal human skin, but are relocalized into a clustered 
pattern (Oktarina et al., 2011).  In PV patient skin clusters of Dsg3 contain IgG, while in 
PF patient skin clusters of Dsg1 contain both IgG and plakoglobin. It is important to 
notice that these clusters do not contain other desmosomal components and their 
abundancy is different within patients. In some pemphigus patient biopsies they are 
highly abundant, in others less, but mostly they are localized in the lower layers of the 
epidermis. This thus is very different from the situation in cultured cells where all 
desmosomal components gather in linear arrays. 

 
3.5. Desmoglein compensation theory 
It is well known that levels of blistering within stratified epithelium differ between main 
forms of pemphigus. In PF blisters are located in the upper layers of the epidermis while 
in both forms of PV, blisters are suprabasal. Alterations are reported as well.  
Desmoglein compensation hypothesis explains that level of acantholysis depends on the 
expression patter of two main pemphigus antigens desmoglein 1 and 3 (Mahoney et al., 
2006; Mahoney et al., 1999) [Figure 5]. Dsg1 is expressed through all the layers of 
epidermis, but its expression decreases from the upper layers to the lower layers, while 
Dsg3 is expressed in the lower layers of the epidermis and through all the mucosa 
[Figure 5a]. Targeting Dsg1, PF autoantibodies will induce acantholysis in the upper 
layer of the epidermis because of the absence of Dsg3 which will not compensate for 
the loss for Dsg1 [Figure 5b].  Targeting Dsg3 acantholysis will occur only in suprabasal 
layers of mucosa where Dsg3 is the only Dsg expressed, but not in the skin [Figure 5c]. 
Skin lesions in PV will occur in the situations when both Dsgs are targeted [Figure 5d]. 
However this theory is not able to explain why in mcPV acantholysis occurs in the 
suprabasal layers. Possible explanation is the diffusion of IgG which starts from the 
lower layers, and suprabasal layers would be the first layers to be reached by IgG. 
Desmoglein compensation hypothesis is supported by mice model lacking Dsg3. In these 
mice PF antibodies induced extensive blisters both in the skin and mucosa (Mahoney et 
al., 2006).  
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Figure 5. Desmosomal compensation theory. a) Schematic presentation of the epidermis and 
epithelium of mucosa. Normal expression of Dsg1 and Dsg3 in the human epidermis and 
epithelium of mucosa. Dsg3 is expressed in the basal and suprabasal layers of the epidermis, while 
Dsg1 expression decreases from the upper to the lower layers of the epidermis (left). Dsg3 is 
expressed through the whole epithelium of the mucosa, while Dsg1 in the upper layers (right). b) 
Pemphigus foliaceus epidermis and epithelium of mucosa. Acantholysis occurs in the subcorneal 
layers of the epidermis where Dsg1 is depleted and Dsg3 is not expressed (left). In mucosa Dsg3 
compensates for the loss of Dsg1 (right). c) Mucosal dominant pemphigus vulgaris epidermis and 
epithelium of mucosa. Acantholysis occurs in the suprabasal layers of epithelium of mucosa where 
Dsg1 is not expressed and Dsg3 is depleted (right). In the epidermis Dsg1 compensates for the loss 
of Dsg3 (left). d) Mucocutaneous pemphigus vulgaris epidermis and mucosa. Acantholysis occurs 
in the suprabasal layers of the epidermis and mucosa due to depletion of Dsg1 and Dsg3.              

                                                                                                                                                                                                             

   epidermis                                    mucous epithelium 
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4. Diagnosis of pemphigus 

The diagnosis of pemphigus is based on three criteria: clinical features, histopathological 
findings and immunological tests. The clinical features of the various pemphigus forms 
have been addressed in the beginning of this chapter.  
To possibly fit pemphigus the histology should demonstrate acantholysis. Positive 
evidence of pemphigus can then be obtained by the demonstration of autoantibodies 
by direct immunofluorescence (analysis of biopsy) or indirect immunofluorescence 
(analysis of serum for antibodies capable of binding to epithelium). 
By direct immunofluorescence presence of tissue bound auto-antibodies is shown in 
90% patients with pemphigus (Ioannides et al., 2008). By indirect immunofluorescence 
serum of patients is tested on human skin, monkey esophagus or guinea pig as epithelial 
a substrate. Enzyme-linked immunosorbent (ELISA) assay detects the presence of anti-
Dsg1 and/or anti-Dsg3 IgG in serum.  

5. Therapy of pemphigus 

If not treated pemphigus has a severe rate of mortality of 90%. There is no specific 
treatment for pemphigus and current therapies consist of drugs proven beneficial in 
other auto-immune disorders: corticosteroids, adjuvants, removal of pathogenic 
antibodies and rituximab.  

Corticosteroids. Corticosteroid drugs are chemical modifications of natural 
glucocorticosteroids. They have inhibitory effects on specific immune responses 
mediated by T cells and B cells.  Corticosteroids diffuse passively through the cell 
membrane and they bind to the intercellular glucocorticoid receptor. Binding of the 
drug to this receptor results in translocation of the complex into the nucleus where it 
effects gene transcription or posttranslational events. Corticosteroids in pemphigus 
improved prognosis and are mostly used in combination with adjuvants.  

Removal of pathogenic antibodies. By immunoabsorption and plasmapheresis 
pathogenic antibodies can be removed from the serum. Both methods however remove 
all antibodies what may have unwanted side effects. Experiments are currently going on 
that investigate the specific removal of anti-Dsg antibodies by adsorption of serum on 
resins containing recombinant ectodomains of Dsg. 

Rituximab. Rituximab is a chimeric monoclonal immunoglobulin G1 antibody that 
targets B-cell differentiation marker CD-20. The binding of rituximab to cell surface 
CD20 destructs the lymphocyte by three potential mechanisms:  complement-
dependent cytotoxicity, apoptosis, or antibody-dependent cytotoxicity. Today it is 
recognized as first choice for treating pemphigus. 
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Thesis aim 

The overall aim of this thesis is to contribute to unraveling the pathomechanism of 
acantholysis in pemphigus at the ultrastructural level. One of the main questions in 
pemphigus research remains how the antibodies to desmogleins induce desmosomal 
dysfunction. As discussed before a number of hypotheses exist next to each other. 
These are however mainly based on data obtained from experiments with cultured cells 
and to a lesser degree with data obtained from mouse models. Data on patient skin are 
scarce while these contain clues on the actual pathogenesis. Moreover the current 
information on ultrastructural changes in patient skin and the fate of desmosomes are 
mainly based on older electron microscopy studies when the antigens were still 
unknown, let alone today’s knowledge on the relationship between the different 
antigens, antibody specificities and split-level.  

To better understand the ultrastructural changes in relation to disease type we will use 
in Chapter 2 newly developed large scale electron microscopy to investigate skin and 
mucosa of patients with various forms of pemphigus. As this allows easy and quick 
analysis of all cells of the epithelium this will give an unbiased detailed approach to 
study patient tissue. From previous immunofluorescence studies it is known that in 
patient tissue the IgG induces a sequestering of the targeted desmoglein from the other 
desmosomal components.  

In Chapter 3 we therefore will investigate this phenomenon at the ultrastructural level 
using immuno-electron microscopy in combination with large scale electron 
microscopy. To understand how cell and skin observations can be integrated cell culture 
findings have to be compared with skin findings. All ideas about internalization and cell 
signaling that evolved from culture models have had a great impact on ideas on 
pathology for the last fifteen years.  

Recently it was hypothesized that there were several phases in the pathogenesis, 
starting with internalization and then the forming of so-called linear arrays, gatherings 
of desmosomal components where a second different phase of internalization would 
take place. In Chapter 4 we aim at investigating how these two phases could possibly 
contribute to pathogenesis in time, and if possibly we can find observations that would 
fit observations with skin tissue. A great advancing step in understanding the real time 
effect of pemphigus IgG on human skin would be to follow the effect of pemphigus IgG 
on desmosomes in living skin. 

 



501164-L-bw-Sokol501164-L-bw-Sokol501164-L-bw-Sokol501164-L-bw-Sokol

 

58 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



501164-L-bw-Sokol501164-L-bw-Sokol501164-L-bw-Sokol501164-L-bw-Sokol

5  

Chapter 2

Large-scale electron microscopy 
maps of patient skin and mucosa 
provide insight into pathogenesis 
of blistering diseases

E. Sokol1,2, D. Kramer2, G.F.H Diercks2, J. Kuipers1, M.F. Jonkman2, H.H. Pas2, 
B.N.G. Giepmans2

1Department of Cell Biology, University Medical CenterGroningen, 
University of Groningen, Groningen, the Netherlands.
2Center for Blistering Diseases, Department of Dermatology, University 
Medical Center Groningen, University of Groningen, Groningen, the Netherlands.
 
 

Published in Journal of Investigative Dermatology 2015: 135, 1763–1770.

 



501164-L-bw-Sokol501164-L-bw-Sokol501164-L-bw-Sokol501164-L-bw-Sokol

Chapter 2 
 

60 
 

Abstract 

Large-scale electron microscopy (“nanotomy”) allows straight forward ultrastructural 
examination of tissue, cells, organelles and macromolecules in a single dataset. Such 
dataset equals thousands of conventional electron microscopy images and is freely 
accessible (www.nanotomy.org). The software allows zooming in and out of the image 
from total overview to nanometer scale resolution in a ‘Google Earth’ approach. We 
studied the life-threatening human autoimmune blistering disease pemphigus, using 
nanotomy. The pathomechanism of cell-cell separation (acantholysis) that underlies the 
blistering is poorly understood. Ultrastructural examination of pemphigus tissue 
revealed previously unreported findings: (i) presence of double membrane structures 
between cells in all pemphigus types; (ii) absence of desmosomes around spontaneous 
blisters in pemphigus foliaceus; (iii) lower level blistering in pemphigus foliaceus when 
force induced, and (iv) intercellular widening at non-acantholytic cell layers. Thus, 
nanotomy delivers open-source electron microscopic maps of patient tissue, which can 
be analyzed for additional anomalies from any computer by experts from different 
fields. 
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Introduction  
 
Nanotomy (nano-anatomy), based on large scale electron microscopy (EM), is a novel 
technique which, like Google Earth, allows users to examine tissue from a complete 
overview to in depth analysis at macromolecular resolution (Ravelli et al., 2013; 
Kuwajima et al., 2013). Using this technique large areas of tissue are scanned and 
presented online. A major advantage of nanotomy over conventional EM is unbiased 
data acquisition, presentation and sharing at both high resolution (macromolecule 
scale) as well as in the context of tissue. Here, we applied nanotomy for the first time to 
study human disease and investigated skin and mucosal epithelium from patients 
suffering from the life-threatening autoimmune blistering disease pemphigus. 

In pemphigus the architecture of the epidermal and/or mucosal epithelia is disrupted by 
loss of cell-cell adhesion (acantholysis) (Stanley and Amagai, 2006). In healthy epidermis 
and stratified mucosal epithelium the cells are organized into multiple layers where 
specialized cell-cell contacts, desmosomes, interconnect their intermediate filament 
cytoskeletons thereby providing tissue strength (Simpson et al., 2011). Desmosomes are 
built from transmembrane cadherins (desmogleins (Dsgs) and desmocollins) and from 
associated cytoplasmic armadillo proteins and plakins (Delva et al., 2009; Garrod and 
Chidgey, 2008; Kowalczyk and Green, 2013). In pemphigus the autoantibodies are 
directed to Dsg1 and Dsg3, the major desmogleins of stratified epithelia (Stanley and 
Amagai, 2006). These are differentially expressed over the epithelial layers within the 
epidermis, Dsg1 being present in all cell layers and Dsg3 strongly expressed in the basal 
layer, but absent in the superficial layers. In contrast in mucosal epithelium Dsg3 is 
present in all layers, but Dsg1 is absent in the basal layer (Mahoney et al., 2006). 
Pemphigus is divided in two main clinical forms, pemphigus vulgaris (PV), affecting 
mucosa (mucosal dominant, mdPV) and sometimes skin (mucocutaneous, mcPV), and 
pemphigus foliaceus (PF) that only affects skin. Blistering is suprabasal in case of PV and 
subcorneal in case of PF, which is explained by the differential expression of Dsg1 and 
Dsg3 over the cell layers and the different autoantibody profiles: anti-Dsg3 in case of 
mdPV, anti-Dsg3 and anti-Dsg1 in case of mcPV, and anti-Dsg1 in case of PF (Mahoney 
et al., 1999). In PF and in mcPV -where Dsg1 is affected- the skin becomes vulnerable 
prior to blistering: by rubbing seemingly healthy skin a blister can be evoked, the so-
called Nikolsky sign used in diagnosis. 

The mechanism by which the antibodies evoke acantholysis is still poorly understood. 
Various contradicting theories have been proposed over the last years, a predominant 
recent hypothesis is that the major devastating effect of antibodies is weakening and 
final collapse or ‘melting’ of desmosomes (Aoyama et al., 2010) (Oktarina et al., 2011). 
Analysis of the fate of cells and desmosomes in the different pemphigus forms at all 
cellular layers in both skin and mucosa will help to better understand the underlying 
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mechanism of blistering. Therefore, we implemented nanotomy to pemphigus patient 
skin and mucosa. Here, we not only share our gigabyte datasets for ongoing analysis by 
other experts, but provide hints of what may be underlying the basic mechanism of 
pemphigus. 

Results  

Nanotomy allows zooming in and out into the tissue 
The nanotomy datasets of healthy and patient skin and mucosa was made by scanning 
electron microscopy and subsequent stitching [Table 1]. The datasets equal tens of 
thousands traditional high magnification EM images and are open source available for 
scientists and health care professionals. We examined these datasets at level of tissue, 
cells, organelles and other ultrastructural macromolecular complexes, with special 
attention to desmosomes and anomalies in the patient samples (www.nanotomy.org). 
The power of analyzing over multiple scales is illustrated for normal human skin [Figure 
1]. 
 

 Diagnosis  Elisa titers 
Dsg1/Dsg3 

Biopsy Abbreviation  

1 Control  NA Control skin - 
2 Control  NA Control skin - 
3 Pemphigus foliaceus >150/0  Nikolsky positive non-

lesional skin 
N+PF skin 

4 Pemphigus foliaceus  110/2 Leisonal skin PF skin 
5 Mucocutaneous pemphigus 

vulgaris  
80/100 Lesional skin mcPV skin 

6 Mucosal-dominant 
pemphigus vulgaris  

16/>150 Non-lesional skin  mdPV skin 

7 Staphylococcal scalded skin 
syndrome  

NA Lesional skin SSSS skin 

8 Control  NA Control mucosa  - 

9 Pemphigus foliaceus  >150/0 Non-lesional mucosa PF mucosa  
10 Mucosal-dominant 

pemphigus vulgaris  
16/>150 Lesional mucosa  mdPV mucosa  

 
Table 1. Patient and biopsy characteristics. Biopsies from patients with pemphigus foliaceus, 
mucosal pemphigus vulgaris, mucocutaneous pemphigus vulgaris and staphylococcus scaled skin 
syndrome were included in this study. ELISA index values of anti-Dsg1 and anti-Dsg3 antibodies 
were measured at the time of taking the biopsy from the patient. Biopsies were considered non-
lesional if taken from an area of seemingly healthy skin were no blister could be induced, or 
Nikolsky positive if taken from an area where a blister could be induced by rubbing, and lesional if 
a blister was present. 
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Figure 1. Healthy human skin at different zoom level. (a) Healthy human skin, including part 
of the dermis and all epidermal layers. The dermo-epidermal border is presented by the 
striped line. (b) Magnified region (red square in a) showing keratinocytes in the epidermal 
layers: stratum basale (red), stratum spinosum (purple), stratum granulosum (green) and 
stratum corneum (blue). (c) Magnified region (purple square in b) showing multiple 
desmosomes (asterix). (d) Magnified region (yellow square in c) showing outer dense plaque 
(ODP), inner dense plaque (IDP), and extracellular core domain (ECD) of a desmosome. Red 
bar: 1 µm for all images. Note that we are sliding across scales. For interpretation purposes, 
the height of the images is noted at the right. 
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Histological overview of pemphigus tissue 
Histological changes in main pemphigus types were first addressed at the lowest zoom 
level in both skin and mucosa [Figures 2, 3]. The different cell layers in epidermis and 
stratified epithelium of the buccal mucosa are readily identified by the distinct 
morphology of the cells and were pseudocolored: basal layer (stratum basale; red); 
spinous layer (stratum spinosum; purple), granular layer in skin or intermediate layer in 
mucosa (also known as stratum granulosum (skin) or stratum intermedium (mucosa); 
green) and corneal layer/ superficial layer (stratum corneum in skin or stratum 
superficiale in mucosa; blue) [Figures 2 and 3, left panels]. The regions of intercellular 
space widening (pink) and acantholysis (yellow) are also indicated [Figures 2 and 3, right 
panels]. In both PF skin biopsies acantholysis is present, but in different cell layers. The 
blister from Nikolsky positive PF skin is present in the spinous layer [Figure 2b], while 
the blister in lesional skin is located higher in the granular layer [Figure 2c]. In both 
biopsies massive intercellular widening is recognizable in the lower cell layers. In non-
lesional mdPV skin no histological signs of pathology can be observed [Figure 2d], while 
in lesional mcPV skin acantholysis and intercellular space widening beneath the blister 
are present [Figure 2e]. We also included a lesional skin biopsy of a patient with 
staphylococcal scalded skin syndrome (SSSS) that clinically and histologically mimics PF. 
In SSSS skin exfoliative toxins of Staphylococcus aureus cleave Dsg1 what leads to 
superficial acantholysis (Hanakawa and Stanley, 2004; Aalfs et al., 2010). In our tissue 
sample acantholysis was complete below the corneal layer (absent from specimen) and 
extended into the spinous layer [Figure 2f]. Blisters on mucosal membranes are a 
hallmark characteristic for PV. Figure 3c shows lesional mdPV mucosa with acantholysis 
above the basal cell layer and widening of the intercellular spaces. Although 
acantholysis is absent in PF mucosa, intercellular widening is present [Figure 3b]. In the 
control mucosa minimum intercellular space widening is present in the lower cell layers 
[Figure 3a]. Taken together, localization of acantholysis is as expected in all lesional 
samples, except in Nikolsky positive PF skin. Furthermore, intercellular space widening 
is not an exclusive precursor of acantholysis but also happens in layers that never 
become acantholytic.  
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Figure 2. Intercellular space widening and acantholysis in pemphigus and SSSS patient skin. 
(a) Healthy human skin, (b) Nikolsky positive PF skin, (c) lesional PF skin, (d) mdPV skin, (e) 
lesional mcPV skin and (f) lesional SSSS  skin. Epidermal layers: stratum basale (red), stratum 
spinosum (purple), stratum granulosum (green), stratum corneum (blue); blister cavity (yellow), 
intercellular space widening (pink). Bar: 50 µm. 
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Figure 3. Intercellular space widening and acantholysis in pemphigus patient mucosa.(a) Healthy 
human mucosa, (b) non-lesional PF mucosa and (c) lesional mdPV mucosa. Layers of the 
epithelium of the mucosa; stratum basale (red); stratum spinosum (purple); stratum intermedium 
(green); stratum superficiale (blue); loss of cell-cell adhesion (yellow); intercellular space widening 
(pink). Bar: 50 µm. 
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Double membrane structures 
To address ultrastructural changes within their anatomical context we further analyzed 
pemphigus with emphasis on cell-cell contact areas, since desmosomes are targeted by 
the autoantibodies. A common ultrastructural characteristic of all lesional pemphigus 
tissues is the presence of areas where plasma membranes of neighboring cells align in 
close proximity of ~40 nm, which gives them the appearance of peculiar double 
membrane structures [Figure 4 a-d]. We measured stretches of up to 6 μm long. The 
double membrane structures appear as interdigitation-like connections [Figure 4a] or as 
protrusions of one cell into another cell [Figure 4b]. Close to both types of such 
structures, circular structures with the same double membrane appearance are present 
[Figure 4d]. Using nanotomy we mapped all such structures (yellow dots; figure 4e-j).  
Control tissues and SSSS do not contain these double membrane structures (see online 
datasets 1,2,7 and 8). In Nikolsky positive PF skin [Figure 4e] and in lesional PF skin 
[Figure 4f] the majority of these structures are in the lower layers of the epidermis. 
Double membrane structures are also abundant in lesional mcPV skin [Figure 4h] and 
mdPV mucosa [Figure 4j], while in the non-lesional clinically healthy mdPV skin [Figure 
4g] and non-lesional PF mucosa [Figure 4i] only a few are present. Close examination of 
double membrane structures reveals that they lack normal desmosomes, despite the 
presence of electron dense structures on one of both membranes or at opposite sides 
on both membranes. [Figure 4b; black arrows]. These electron dense structures, 60 to 
90 nm wide may represent newly assembled half desmosomes or dismantling 
desmosomes. In the lesional biopsy the double membrane structures had many small 
invaginations into the cytoplasm, likely representing active endocytic processes [Figure 
4c; red arrows].  
 
Desmosomes 
In PF and mcPV skin and in mdPV mucosa an overall reduction in size and number of 
desmosomes is apparent (see data online). In lesional PF skin desmosomes are 
completely absent in the cells surrounding the blister cavity. Keratin filaments in these 
cells do not reach the plasma membrane and remain perinuclear [Figure 5b]. Despite 
the absence of desmosomes cells remain in close connection without visible 
intercellular spaces [Figure 5b]. In contrast in Nikolsky positive PF skin keratinocytes 
surrounding the blister cavity contain half-desmosomes that are connected to keratin 
filaments and sometimes appear as small extrusions from the plasma membrane [Figure 
5a]. Their average size is 178nm ± 74nm and likely represent either newly synthesized 
half desmosomes or dismantling desmosomes. Similar structures are also found on cells 
round the blister cavity in mcPV skin [Figure 5c] and in mdPV mucosa [Figure 5d]. The 
average size of half desmosomes in mcPV skin is 174nm ± 69nm and in mcPV mucosa 
178nm ± 74nm. In the areas of intercellular widening pulled out desmosomes are 
present on cellular extensions that are still connected to the cell. In mcPV epidermis 
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some desmosomes seem to be ruptured from the keratin filaments (“torn-off 
desmosomes”, Figure 5e orange arrow). 
 
Other anomalies 
We further note that all lesional tissues contain enlarged mitochondria, nucleus lack any 
signs of apoptosis (Figure 5) and the dermis in the skin and connective tissue in mucosa 
is rich in number of mast cells, lymphocytes and plasma cells (data not shown in figures, 
see www.nanotomy.org).   
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Figure 4. Double membrane structures in pemphigus tissue skin and mucosa. (a)  Double  
membrane  interdigitations  in  Nikolsky  positive  PF  skin  (e,  red  square);  (b) double  membrane  
protrusion  from  mcPV  skin  (h,  pink  square);  (c)  double  membrane structure  from  lesional  PF  
skin  (f,  light  green  square);  (d)  circular  double  membrane structures from lesional mdPV 
mucosa (j, light blue square). Black arrows in b indicate electron dense structures. Red arrows in c 
indicate membrane invaginations. (e) N+PF, (f)  PF,  (g)  mdPV,  (h)  mcPV  (i)  PF  skin  and  (j)  
mdPV mucosa.  Yellow  dots  indicate localization  of  double  membrane  structures  including  
interdigitation-like  structures, protrusions  and  circular  structures.  Red, light  green,  purple  and  
light  blue  squares indicate localization of images a-d. Bar in a-d: 0.5 μm, bar in e-j; 50 μm.  
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Figure 5. Distinct ultrastructure of desmosomes in blister cavities and widened intercellular 
spaces. (a) Nikolsky positive PF skin, (b) lesional PF skin (c) lesional mcPV skin and (d) lesional 
mdPV mucosa and (e) area in mcPV skin. Yellow squares present regions of enlarged images on 
the right side. Black arrows indicate half desmosomes, black arrow heads: no presence of 
desmosomes, orange arrow: torn-off or pulled out desmosome, and orange stars: keratin 
filaments that are not retracted from the cell membrane. Notice no signs of nuclear 
fragmentation. Bars on the left panel: 15 µm and bars on the right panel 0.5 µm. ACANTH; 
acantholytic cavity. IC;  intercellular space. * from the same dataset. 
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Discussion 

Here we employ for the first time nanotomy to study human disease. While large-scale 
EM has been pioneered on animal models, ultrastructural information on human tissue 
in scientific publications is typically limited to few selected images. Nanotomy datasets, 
however give an unbiased in depth view of the complete tissue section and reveal every 
detail. The image data set is enormous, but can be straightforward analysed as the data 
are transmitted by quickly streaming from an open source. The data sharing further 
allows to expand the number of patients, which, in contrast to the data content, is still 
limited at this stage. Thus interdisciplinary scientists can check and further explore the 
original images by browser with simple zoom and pan function, or even produce data 
from their own patients in a similar manner.  

Central in this study are human pemphigus tissue samples. Despite much research the 
pathomechanism of acantholysis is still unresolved. Over the years a variety of 
pathomechanisms has been proposed including (i) coating by IgG of the Dsg 
transadhesive binding domains such that two opposing half desmosomes cannot 
connect anymore (steric hindrance hypothesis) (Amagai et al., 1992), (ii) impeding of 
desmosome formation  by depletion of the newly synthesized Dsg leading to ‘melting’ 
away of desmosomes (non-assembly depletion hypothesis) (Oktarina et al., 2011; 
Aoyama et al., 2010), (iii) interaction with signal transduction pathways that lead to 
destruction of desmosomes (cell signaling hypothesis) (Muller et al., 2008), (iv) tearing 
off of desmosomes from the keratin filaments (basal cell shrinkage hypothesis) (Bystryn 
and Grando, 2006) and (v) apoptosis (Frusic-Zlotkin et al., 2006).  

Our data confirm the recently observed absence of apoptosis (Janse et al., 2014) as no 
retraction of pseudopods, pyknosis, karyorrhexis, plasma membrane blebbing or 
engulfment by phagocytes was seen.  

In all pemphigus tissue, except mdPV skin where Dsg1 is unaffected, intercellular 
interdesmosomal widening, especially in the lower layers is apparent. Intercellular 
widening is defined as >0.5 µm gap between two neighboring cells which are still in 
contact. Until recent this widening was considered to be the first evidence of 
acantholysis, however it is also present in basal and suprabasal layers of skin and 
mucosa of PF patients where acantholysis is absent (Oktarina et al., 2011; van der Wier 
et al., 2012; Guedes et al., 2002). Thus non-junctional Dsg1 apparently is, in a yet-to-be 
uncovered way, important for interdesmosomal cohesion as loss is associated with 
widening. In PF non-junctional Dsg1 is lost when removed into clusters (Oktarina et al., 
2011) and loss through haploinsufficiency of Dsg1 as in palmoplantar keratoderma also 
leads to intercellular widening (Bergman et al., 2010). Also in our SSSS biopsy where 
Dsg1 is cleaved by exfoliative toxins widening is present. Taken together intercellular 
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space widening is not characteristic for pemphigus only, and is here associated with 
dysfunction of Dsg1.  

All pemphigus biopsies, but not healthy tissue nor SSSS tissue, typically contain “double 
membrane structures”. These are more abundant in lesional than in non-lesional tissue. 
The structures are characterized by two membranes approximately 40 nm apart with 
highly irregular shapes: interdigitations, protrusions or circular structures. Separate 
shapes were found close together in areas that could be up to 3 µm wide. As our 
sections are only 70 nm thick, these are most likely part of a larger structure: the 
different shapes likely result from the EM cutting angle. Such structures have been 
reported before as so-called curvicircular structures in skin, but not mucosa, of PF 
patients (Tada and Hashimoto, 1996). We however find that the double membrane 
structures are not restricted to PF skin as they are also abundant in mcPV skin, mdPV 
mucosa and to a lesser extent in mdPV skin and PF mucosa. The distribution of the 
structures reminds of the distribution of the IgG/Dsg clusters observed before that is 
believed to be formed through crosslinking of Dsg by the autoimmune IgG (Oktarina et 
al., 2011). Our follow-up studies will address if the double membrane structures indeed 
represent IgG clusters.  

Keratin filament retraction from the cell membrane has been suggested as a potential 
cause of acantholysis in PV (Bystryn and Grando, 2006), but both in lesional mcPV skin 
and lesional mdPV mucosa signs of keratin retraction are absent. We did find keratin 
retraction in our lesional PF skin only in cells that had lost their desmosomes suggesting 
that desmosome disappearance rather than keratin retraction is cause of 
acantholysis..The blister in normal looking Nikolsky-positive PF skin is located in the 
spinous layer, while the lesional PF blister is found in the granular layer. Nikolsky-
positive PF skin is loaded with IgG and vulnerable to mechanical pressure as blisters are 
easily evoked by rubbing. In such skin desmosomes shrink in size and number in the 
basal and spinous layer but are less affected in the granular layer (van der Wier et al, 
2014). Thereby, the spinous layer may become the “locus minorus resistentiae” where 
some pressure as during punch biopsing may induce cell-cell separation (‘scissor 
Nikolsky’). The cells surrounding the blister cavity still contained desmosomes by which 
they connected to other cells. On the site facing the blister cavity however half-
desmosomes are present that may be either split desmosomes or newly synthesized 
half-desmosomes that seek an opposite partner (Demlehner et al., 1995). Taken 
together, the spontaneous PF blister occurred in an area with complete absence of 
desmosomal adhesion, while the Nikolsky induced blister occurs in an area of weakened 
desmosomal adhesion.  

In lesional mcPV skin and, to a lesser extent, in mdPV mucosa, keratinocytes still are 
connected to other cells with small desmosomes but contain half desmosomes at the 
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sites where they face the blister cavity, as observed previously (Wang et al., 2009; 
Diercks et al., 2009). In mcPV skin also some “torn-off” or pulled out desmosomes are 
present along numerous floating elements that look little membrane enclosed 
elongated objects. Given the 70 nm thickness of our sections these are likely caused by 
the cutting angle and are not individual objects but cell protrusions pulled out of the cell 
body. The pulled out desmosomes therefore probably are still functional connections 
between two cells. To assess whether desmosomes are really torn-off or only pulled out 
between cells will require further 3D-EM analysis.  

As for the underlying mechanism of acantholysis; our lesional PF biopsy shows that 
keratinocytes in the basal and spinous layer contain less and smaller desmosomes while 
in the granular layer all desmosomes are lost. This best fits the non-assembly depletion 
hypothesis as does the reduction in size and number of the desmosomes in the other 
biopsies. However seen the rudimentary half-desmosomes at the cell membranes facing 
the blister cavity we cannot exclude the possibility that more than one mechanism is 
involved in pathogenesis of pemphigus. 

The connection between blister localization and desmosome structure through layers, 
thus ranging from the ~mm to ~nm scale within a single dataset has been made possible 
by nanotomy. Given the unbiased approach and raw data sharing, nanotomy may 
become the standard for electron microscopy. It allows easy analyzing vast 
ultrastructural images simply from behind a desktop. Illustrative is the ease by which we 
quantified the unique double membranes structures in our datasets. The presence of 
these double membrane structures in pemphigus tissue had remained unnoticed until 
1996 and thereafter was ignored for a long time in pemphigus research as their 
significance was unclear (Tada and Hashimoto, 1996). Here, we find how these 
structures are especially abundant in all lesional pemphigus tissue what suggests that 
they are an important clue to the pathogenesis of pemphigus. By making our datasets 
open source highly informative data becomes available for an interdisciplinary research 
audience, ranging from medical doctors to cell biologists. Nanotomy therefore will 
greatly accelerate research on understanding pathomechanisms of human disease, 
since anyone can join the exploration of diseased tissue. 
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Material and Methods 
Human tissue  
Skin or buccal mucosa biopsies from patients or controls were from the University 
Medical Centre Groningen (Table 1). For this study, institutional approval and written 
informed patient consents were obtained. The control mucosa was from redundant 
material in our EM-archive. Pemphigus was diagnosed based on clinical appearance and 
confirmed by histology, positive immunofluorescence and enzyme-linked 
immunosorbent assay for anti-Dsg1 and/or anti-Dsg3 antibodies. We also included a 
biopsy of a patient with staphylococcal scalded skin syndrome (SSSS). 
 

Sample preparation for EM  
Two mm skin or oral buccal mucosa biopsies were fixed in 2% glutaraldehyde in 0.1 M 
sodium cacodylate buffer pH 7.4 washed in 0.1 M sodium cacodylate buffer and 
postfixed in 1% osmiumtetroxide and 1.5% potassiumferrocyanide. Samples were 
dehydrated, embedded in epon and sectioned. Ultrathin sections (70 nm) were 
positioned on single slot holders A600 Nickel supported by Formvar and contrasted with 
2% uranylacetate (methanol) followed by Reynolds lead citrate. Acquisition was 
performed using a Zeiss supra 55 EM with ATLAS software developed by Fibics (Canada). 
 
Data acquisition, stitching and annotations 
Samples were recorded at 2.5 nm pixel size. Scans were stitched, and raw datasets were 
rendered as HTML files using ATLAS VE viewer software. For illustrations the datasets 
were exported with ATLAS VE viewer as TIFF files downscaled to 10nm/pixel. Pseudo-
coloring of epithelial layers, blister cavity, widening and double membrane structures 
was performed using Adobe Photoshop CS5.1. In all figures datasets are orientated such 
that epidermis/superficial layer are facing up. Note that due to acquisition reasons 
HTML files are orientated differently. The size of all half desmosomes on plasma 
membranes of cells that face and make the walls of blister cavities was measured from 
the datasets online.  
Online data: www.nanotomy.org 
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Abstract 

Pemphigus foliaceus (PF) is an autoimmune blistering skin disease were IgG 
autoantibodies against the desmosomal cadherin desmoglein 1 (Dsg1) cause loss of cell-
cell adhesion (acantholysis) in the upper part of the epidermis. IgG deposits in the 
epidermis in a coarse clustered pattern especially in the lower layers. Large scale 
electron microscopy has shown an abundant presence of so-called double membrane 
structures in PF patient skin. In order to get more insight into PF pathogenesis we 
applied correlative light and electron microscopy (CLEM), immunolabeling for Dsg1 in 
electron microscopy and large scale electron microscopy (nanotomy). By CLEM we show 
that the clusters of Dsg1 and immunoglobulin present in PF patient skin are the same as 
the double membrane structures seen by electron microscopy. We furthermore found 
that the amount of Dsg1 incorporated into desmosomes is severely decreased in the 
layers that contain double membrane structures. Also desmosomes were smaller. In the 
higher levels of the epidermis Dsg1 was present in the membranes of large unique 
cytoplasmic double membrane vesicles. Depletion of Dsg1 from desmosomes in PF 
patient skin is likely the main cause of acantholysis. 
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Introduction 

In pemphigus foliaceus (PF) autoantibodies against desmoglein 1 (Dsg1) cause loss of 
cell-cell adhesion (acantholysis) in the subcorneal layers of the epidermis (Dasher et al., 
2008; Stanley and Amagai, 2006) resulting in erosive exfoliation. 

Dsg1 is one of the four Dsg isoforms, which are transmembrane calcium dependent 
adhesion molecules of the cadherin family that together with desmocolins mediate 
adhesion by binding to its opposites in extracellular region of desmosomes (Garrod et 
al., 2002). The armadillo proteins plakoglobin and plakophilin mediate further adhesion 
by linking the cadherins to desmoplakin, which in turn bind to the intermediate 
filaments (Garrod and Chidgey, 2008). Desmosomes interconnect intermediate filament 
networks of neighboring cells and thereby provide strong intercellular adhesion (Garrod 
and Chidgey, 2008; Delva et al., 2009). The ultrastructural organization of desmosomal 
components can be easily recognized as two opposite, mirror image, inner and outer 
dense plaques with anextracellular core (ECD) domain in between these plaques. For 
yet unknown reasons desmosomes change their protein composition as they 
differentiate moving upwards from the basal layer, what leads to a different distribution 
of Dsg1 and Dsg3 over the distinct cell layers of the epidermis. This change of protein 
composition has led to one of the most influencing visions on the pathogenesis of 
pemphigus, which is called the compensation hypothesis (Mahoney et al., 2006; 
Mahoney et al., 1999), resulting from the notion that the two major forms of 
pemphigus, namely pemphigus vulgaris (PV) and PF have different antibody profiles 
resulting in a different level of acantholysis. 

While in PV antibodies to Dsg3 are always present, accompanied by anti-Dsg1, PF is 
characterized by antibodies to Dsg1 only. The pemphigus compensation hypothesis 
finds its foundation in the assumption that desmosomes will only be functional as either 
Dsg1 or Dsg3 is available and that antibodies to either of the Dsgs compromise their 
function in desmosomes. Dsg1 being present in all layers while Dsg3 is absent in 
subcorneal layers (Mahoney et al., 2006). Loss of desmosomal Dsg1 in the subcorneal 
layers for that reason, would therefore inevitably lead to loss of desmosomes, 
ultimately resulting in acantholysis. Similarly, in PV loss of Dsg3 in the basal layer of the 
mucosa, where Dsg1 is absent would lead to mucosal blistering. 

The exact pathomechanism of acantholysis is still unknown. While the simplest 
assumption would be that the pathomechanism is similar in PV and PF, any scientific 
proof of such a kind of mechanism is so far unexplored.  

Data on PF tissue and experimental models are scarce. However PF hallmarks, apart 
from subcorneal acantholysis, include the initial observation of double membrane 
structures, called curvicircular structures, and endocytosis of Dsg1, IgG, plakoglobin and 
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connexin43 (Cx43) in patient’s skin (Tada and Hashimoto, 1996; Iwatsuki et al., 1999b). 
Recently we confirmed these observations using large-scale electron microscopic 
analysis, termed nanotomy, and found an abundance of double membrane structures in 
patient skin cells, as well as by immunofluorescence analysis revealing endocytosis of 
Dsg1, IgG and plakoglobin but not Cx43 in lesional skin (Oktarina et al., 2011; Sokol et 
al., 2015). Other observations include clustering of Dsg1, IgG and plakoglobin in patient 
skin, accompanied by intercellular widening and shrinkage of desmosomal size and 
number (Oktarina et al., 2011; van der Wier et al., 2014). Our hypothesis is that in 
patient skin desmosomes become depleted of essential Dsg, resulting in acantholysis. 
We set out to understand the nature of the IgG/Dsg1 clusters, the double membrane 
structures, and the endocytosis in pemphigus foliaceus skin. Here we demonstrate, 
using correlative light and electron microscopy (CLEM) (Sjollema et al., 2012), that 
desmosomes indeed are depleted of Dsg1 in patient skin, that Dsg1 is trapped between 
cells in double membrane structures, and that from the suprabasal layers onwards Dsg1 
is internalized in large double membrane vesicles that localize perinuclear 

Results 

Localization of desmoglein 1 in pemphigus foliaceus patient skin 
To obtain information on the near-molecular localization of Dsg1 in PF patient skin we 
performed CLEM. Dsg1 of a perilesional PF skin section was labeled with 
FluoroNanogold Alexa 488 that can be detected both on the light [Figure 1a,c green] 
and EM level [Figure 1b,c black] (Sjollema et al., 2012). The immunofluorescence 
showed an even distribution of Dsg1 around the cells of the higher epidermal layers 
while Dsg1 was clustered in the lower epidermal layers. Electron microscopy showed 
that in the higher layers the FluoroNanogold Alexa 488 was heavily present on 
desmosomes [Figure 1d,e]. In contrast, in the lower layers Dsg1 in the clusters was not 
present in desmosomes but instead on non-desmosomal structures that have an 
intertwined double membrane appearance [Figure 1f,g]. Hardly any label was found 
here on desmosomes. Consecutively cut EM sections of double membrane 
interdigitations in PF patient skin revealed that these structures were continuous 
invaginations of once cell into its neighbor [Figure 2]. 
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In pemphigus foliaceus patient skin desmosomes are depleted of desmoglein 1 
To investigate if the amount of Dsg1 differs in the higher and lower epidermal layers of 
PF patient skin compared to the healthy skin. Dsg1 was immuno-labeled in sections of 
three perilesional PF patient skin biopsies and control skin biopsies using 10nm gold. 
Dsg1 label was decreased in desmosomes of PF patient skin compared to the controls 
[Figure 3a, b]. We counted the number of labels per desmosome in respectively the 
basal, suprabasal, low spinous, high spinous and the granular layer [Figure 3c]. In 
perilesional PF skin a decrease in desmosomal Dsg1 was measured with a residual 
amount of approximately 15% desmosomal Dsg1 from the basal layer to the spinous 
layer. In the higher epidermal layers more desmosomal Dsg1 was present but only up to 
50% of its normal amount. The size of the desmosomes in PF skin, especially in the basal 
and spinous layer, was smaller than in control skin [Figure 4].  
 
Desmoglein 1 is present in large cytoplasmic vesicles in the higher epidermal layers of 
perilesional pemphigus foliaceus skin 
A large scale EM dataset of Dsg1 immuno-labeled perilesional PF skin was analyzed to 
determine the fate of Dsg1 through the epidermal layers (Figure 5a and 
http://www.nanotomy.org/PW/Sokol2014). In the lower layers of perilesional PF skin 
Dsg1 was present between cells in interdigitating double membrane structures that 
were depleted of desmosomes [Figure 5b, c]. In the higher layers Dsg1 was found in 
double membrane vesicles that localize perinuclear [Figure 5d]. Typically these vesicles, 
up to 3 µm large, were grouped in clusters. Dsg1 was located close to the membranes of 
these cytoplasmic vesicles but not in their lumen, suggesting that Dsg1 was still 
membrane bound. In the corneal layer rudimentary flattened double membrane 
vesicles containing Dsg1 label were present [Figure 5e]. The intermembrane distance in 
the double membrane vesicles of the upper layers was smaller, around 22 nm [Figure 
6a, b], than the intermembrane distance between interdigitations in the lower layers, 
which was around 40 nm [Figure 6c, d]. 
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Figure 1. In higher epidermal layers of perilesional pemphigus foliaceus patient skin desmoglein 
1 is present in desmosomes, while in the lower in the double membrane structures. a) Cross-
section of perilesional PF patient skin immunolabeled for Dsg1 (FluoroNanogold Alexa 488) with 
part of dermis and all epidermal layers. Note that in the lower layers of the epidermis Dsg1 is 
clustered, while in the upper layers Dsg1 has normal cell border pattern. b) Corresponding EM. c) 
Overlay. Pseudocoloured orange and purple nuclei and red arrow indicate the areas enlarged in 
panels d and f, while yellow, red and pink nuclei and yellow arrow indicate the area that is 
enlarged in panel f and g. Note that the dermis in panel b and c is pseudocoloured. d) EM of 
keratinocytes from the upper epidermal layers from panels a-c. The black box is enlarged in panel 
e. e) Enlarged region from panel d showing concentrated Dsg1 label on desmosomes. f) EM of 
keratinocytes from the lower layers of the epidermis from panels a-c. The black box is enlarged in 
panel g. g) Enlarged region from panel f showing concentration of Dg1 label in interdigitating 
double membrane structures. Bars: (a-c) 50 µm, (d, f) 2.5 µm, (e, g) 1 µm. 
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Figure 2. Double membrane structures are continous interdigitations between two cells in 
pemphigus foliaceus patient skin. Reproduction of interdigitating structure composed of 
membranes of two neigbhouring keratinocytes through consecutive EM sections of PF patient skin. 
Cell membranes are coloured red. 
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Figure 3. Desmoglein 1 is depleted from desmosomes in perilesional pemphigus foliaceus 
patient skin. a) Dsg1 on desmosomes of healthy control skin. b) Dsg1 on desmosomes of 
perilesional PF patient skin. Note that the distribution of the gold labels fit the specificity of the 
used monoclonal for the cytoplasmic domain of Dsg1. c) Quantification of Dsg1 label per 
desmosomes in control skin and perilesional patient skin in the basal, suprabasal, low spinous and 
high spinous and granular layer. Note reduction of Dsg1 label in PF skin control to the controls. 
NHS- normal human skin 1,2; Pt A,B,C- patient skin A,B,C. D- desmosome. Bar: (a) 100nm, b is at 
the same magnification as a. 
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Figure 4. Desmosomes are smaller in perilesional pemphigus foliaceus skin. Correlation between 
desmosomal length and Dsg1 label in the a) basal b) spinous and c) granular layers of normal 
human and PF patient skin. Note that desmosomes are smaller in size (red, organe and green 
circles) compared with controls (black circles). The spinous layer of patient A had only few cells 
and was therefore omitted from b. 
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Figure 5. Fate of desmoglein 1 through epidermal layers of perilesional pemphigus foliaceus 
patient skin. a) Immuno-labeled perilesional PF patient skin with upper dermal layers and all 
epidermal layers. Red, blue, yellow, orange boxes are enlarged regions in panels b, c, d and e. b) 
Double membrane structure enriched in Dsg1 label from the suprabasal region. Red box in panel a. 
c) Interdigitating double membrane structure enriched in Dsg1 label from the suprabasal region. 
Blue box in panel a. d) Intracytoplasmic double membrane vesicles containing Dsg1 label from the 
granular layer. Yellow box in panel a. e) Double membrane vesicles in the corneal layer containing 
Dsg1. Orange box in panel a. SB- stratum basale, SS- stratum spinosum, SG- stratum granulosum, 
SC- stratum corneum. Bars: (a) 50 µm and (b-d) 500 nm. The interactive data set can be found on 
www.nanotomy.org. 
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Figure 6. Desmoglein 1 containing double membrane structures and vesicles in perilesional 
pemphigus foliaceus patient skin labeled for desmoglein 1 have different intermembrane 
distances. Data is taken from large scale electron microscopy of figure 4 and 
http://www.nanotomy.org/PW/Sokol2014. a) Intracytoplasmic double membrane vesicle from the 
granular layers. The black box is the region enlarged in panel b. b) The distance between the two 
membranes is 22 nm. c) Double membrane structure from the suprabasal layer. The black lined 
box is the region enlarged in panel d. d) The distance between the two membranes is 40 nm. Bars: 
(a, c) 500 nm and (b, d) 100 nm. 
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Discussion 

In PF patient skin the Dsg1/IgG/PG clusters reported before (Oktarina et al., 2011) 
represent double membrane structures that we recently also detected using nanotomy 
(Sokol et al., 2015). In perilesional PF skin Dsg1 is depleted from desmosomes. Dsg1 
depletion is most profound in lower epidermal layers where the clusters, now revealed 
as double membrane structures are abundant. The average size of Dsg1 depleted 
desmosomes is smaller than in healthy skin. Together with the reported decrease in 
number and size of desmosomes, and a complete absence of desmosomes in 
acantholytic areas of PF patient skin, this fits the prediction that desmosomes ‘melt’ 
away in PF skin (Sokol et al., 2015; van der Wier et al., 2014). The non-desmosomal Dsg1 
in double membrane structures is derived from desmosomal disassembly, or from 
newly synthesized Dsg1 transported to the cell membrane ready for desmosomal 
assembly, and trapped by pathogenic anti-Dsg1 patient IgG either way. In line with the 
desmoglein compensation hypothesis this would result in loss of desmosomes and 
acantholysis in the subcorneal layers where Dsg3 is not expressed (Mahoney et al., 
2006). Recently we found by immunofluorescence microscopy that in lesional PF patient 
skin the clusters of IgG/Dsg1/PG become internalized together with the early 
endosomal antigen EEA-1 and localize perinuclear in seemingly large vesicular 
structures (Oktarina, submitted/ not shown). Here by EM we support these findings by 
revealing that Dsg1 is present in up to 3 μm wide vesicles that appear to have a double 
membrane. Vesicles with double membranes are rare and in the literature only few 
other examples are described, being internalized gap junctions, tubulobulbar 
complexes, autophagosomes and trogocytosis (Piehl et al., 2007; Guttman et al., 2004; 
Yokota, 1993; Dopfer et al., 2011). How these double membrane vesicles form in PF skin 
remains elusive. It is unlikely that the double membrane vesicles are the cause of 
acantholysis, since in experimental PF acantholysis can be evoked by Fab fragments that 
do not induce Dsg1 clustering. Yet double membrane vesicles are the result of the 
pathologic process in PF, as their remnants are present in the corneal layer not seen in 
normal skin. We envision that these vesicles in non-lesional skin will be eventually lost 
through shedding of corneocytes. The primary cause of acantholysis in PF however is 
loss of Dsg1 from desmosomes. In summary, we show here the depletion of Dsg1 from 
desmosomes in PF patient skin that is the most likely the cause of acantholysis. We 
furthermore demonstrate that Dsg1 is endocytosed in double membrane vesicles by a 
yet to be solved unique mechanism.  
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Materials and methods 

Skin biopsies  
Three biopsies were obtained from perilesional Nikolsky-negative skin of three different 
PF patients. Pemphigus was diagnosed on the basis of clinical appearance and 
confirmed by histology, positive immunofluorescence and anti-Dsg1 ELISA. A control 
skin biopsy from healthy individual was obtained from redundant skin after plastic 
surgery. Written informed consent was obtained. 
 
Sample preparation for cryo electron microscopy 
The 2-mm biopsies were fixed in 2% formaldehyde in 0.1 M phosphate buffer pH 7.4 
and then rapidly cut into 300-400 µm perpendicular slices using a scalpel. The tissue 
remained in 2% formaldehyde overnight at 4 oC and was then transferred to 0.1 M 
glycin in phosphate buffered saline (PBS). This was followed by a series of concentration 
increments of glycerol in PBS (5-15%). The tissue was then plunge frozen in liquid 
propane and stored in liquid nitrogen. 
 
Cryo substitution  
The tissue was transferred to a Leica CS-automachine (Leica, Wetzlar, Germany) at -90°C 
in methanol and incubated overnight in 0.2% uranyl acetate in methanol at -90°C for ten 
hours and warmed up toto -45°C at 5°C/h. Tissue then washed with methanol and the 
concentration of Lowicryl HM20 (EMS, Hatfield, PA,USA) in methanol was gradually 
increased to 100%. Polymerisation of HM20 was achieved with UV light at -45 oC and 
post-polymerisation at -20 oC. 
 
Sectioning, antigen retrieval and post embedding immuno-labelling 
Sections of 70 nm were cut and placed on formvar coated nickel grids. Antigen retrieval 
was by 10 mM citrate buffer pH 6.0 in an EMS 820 microwave oven (EMS, Hatfield, 
PA,USA) at 40% of maximum power for five minutes. Blocking was performed in 
incubation buffer (PBS with 1% BSA, 5% normal goat serum and 1% cold water fish 
gelatin at 4°C in a humidified chamber. Mouse monoclonal anti-Dsg1 B11 (Santa Cruz 
Biotechnology, Dallas,TX, USA) was used as primary antibody. As secondary antibodies 
either 10 nm gold conjugated goat-anti-mouse IgG or Alexa Fluor 488 FluoroNanogold 
conjugated goat anti-mouse IgG (Nanoprobes, Yaphank, NY, USA). GoldEnhance 
(Nanoprobes, Yaphank, NY, USA) was used to visualize the 1.4 nm FluoroNanogold for 
EM. 
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Correlative light and electron microscopy  
Ultrathin sections stained with FluoroNanogold Alexa 488 were first imaged with a Leica 
DMRA fluorescence microscope and thereafter with a CM-100 electron microscope. 
Data of the two modalities were overlaid using Adobe Photoshop CS5 software (San 
Jose, CA, USA) as were additional annotations that were added for illustrations.  
 
Large-scale electron microscopy  
Image acquisition was performed using a Zeiss supra 55 electron microscope (Zeiss 
Oberkochen, Germany) and ATLAS software developed by Fibics (Ottawa, Ontario, 
Canada) as extensively been described before(Sokol et al., 2015b). For illustrations, the 
data set was exported with ATLAS VE viewer as TIFF file downscaled to 10 nm per pixel 
and additional annotations were added using Adobe Photoshop. 
 
Quantification of Dsg1 label  
TEM images of representative areas of the basal, suprabasal, spinous and granular cell 
layers were analyzed using Photoshop software. For each layer, the number of gold 
labels per desmosome was counted and averaged. Also the size of the desmosomes was 
measured.  
 
Supplementary data  
The large-scale EM data (nanotomy) at full resolution is currently available at: 
http://www.nanotomy.org/PW/Sokol2014/ and password protected: 
Login: pemphigus 
Password: blister 
Upon publication the dataset will become open access available online via: 
www.nanotomy.org  
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Abstract 

Pemphigus vulgaris is an autoimmune blistering skin disease were autoantibodies 
against desmoglein 3 cause loss of cell-cell adhesion in mucosal membranes. 
Desmoglein 3 is a desmosomal cadherin which is one of the building proteins of 
desmosomes, cell-cell contacts that interconnect neighboring cells to each other and 
provide strength. The pathomechanism by which autoantibodies evoke blistering is still 
not known. We studied effects of PV auto-antibodies on primary human keratinocytes 
using light microscopy, time lapse imaging and correlative light and electron 
microscopy. PV IgG induces internalization of Dsg3 and relocalization of Dsg3 on cell 
membranes into clusters and linear arrays. Linear arrays that run perpendicular to the 
cell membrane are dynamic structures and colocalize with keratin filaments and other 
desmosomal components, but not components of adherens junctions. Ultrastructuraly 
the PV IgG induced linear arrays are invaginations of one cell within another. We found 
rudimentary desmosomal plaque with keratin filaments attached to them on one side of 
the array only and hypothesize that arrays are caused by keratin pulling of the 
membrane. Intact desmosomes remained present outside arrays but had lost Dsg3. 
These results fit the hypothesis that PV IgG causes depletion of Dsg3 from desmosomes. 
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Introduction 

Pemphigus is a group of organ specific autoimmune disorders where auto-antibodies 
against desmosomal proteins cause loss of cell-cell adhesion in the skin and/or mucosal 
membranes (Stanley and Amagai, 2006; Kneisel and Hertl, 2011; Ioannides et al., 2008). 
Epidermis and stratified epithelium of mucosa are abundant with desmosomes that 
interconnect the cytoskeletons of neighboring cells and provide strength. Desmosomes 
are composed of desmosomal cadherins: desmogleins (Dsgs) and desmocollins (Dscs) 
and intracytoplasmic proteins: plakoglobin (Pg), desmoplakin (Dp) and plakophillins 
(Pkps) (Garrod and Chidgey, 2008; Delva et al., 2009). Desmosomal cadherins are 
calcium-dependent adhesion proteins that in desmosomes via their extracellular N 
terminal domains multimerize, while their C terminal domains bind the cytoplasmic 
plaque proteins (Garrod et al., 2002). Studies on desmosome assembly and disassembly 
proposed that there are two pools of desmosomal cadherins present on the plasma 
membrane: junctional and non-junctional which are in equilibrium (Nekrasova and 
Green, 2013; Sato et al., 2000; Windoffer et al., 2002; Kitajima, 2002). In humans four 
isoforms of desmogleins are known (Dsg1-4), of which Dsg1 and Dsg3 are main isoforms 
of stratified epithelia. 

Pemphigus vulgaris (PV), one of the main forms of pemphigus manifests as either 
mucosal dominant (mdPV) or mucocutaneous (mcPV) (Stanley and Amagai, 2006). In 
mdPV auto-antibodies against Dsg3 cause loss of cell-cell adhesion in the mucosal 
membranes only. In mcPV both anti-Dsg1 and anti-Dsg3 antibodies cause blistering of 
both the skin and mucosal membranes. How pemphigus auto-antibodies interfere with 
cell-cell adhesion and cause blistering is still a matter of debate (Amagai et al., 2006). 

The most prominent and studied model that underlies the current vision on 
pathogenesis of PV is the cultured primary human keratinocytes (PK). PV patient IgG 
added to monolayers of PK induced a rapid internalization of IgG (Patel et al., 1984) that 
is accompanied by internalization of Dsg3 (Aoyama and Kitajima, 1999). Dsg3 
disappeared from the cell surface in two phases: a rapid disappearance of Triton soluble 
Dsg3 not present in desmosomes was followed by disappearance of Triton insoluble 
Dsg3 from desmosomes (Aoyama and Kitajima, 1999). 

Later studies confirmed that PV IgG was internalized together with plakoglobin through 
a clathrin / dynamin independent mechanism (Calkins et al., 2006). By immuno-electron 
microscopy cytoplasmic vesicles containing IgG were already observed after 15 minutes 
of incubation (Sato et al., 2000), while after six hrs IgG numerous vesicles were seen 
surrounding the nucleus (Calkins et al., 2006). The internalization of soluble Dsg3 is 
accompanied with a change in the distribution pattern of Dsg3 on the membrane that 
transforms from a smooth to a more clustered distribution pattern. Jennings et al. 
(Jennings et al., 2011) distinguished three distinct phases for internalization: (1) early 
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internalization of soluble Dsg3; (2) reorganization of insoluble Dsg3 and other 
desmosomal components into so called linear arrays that are oriented perpendicular to 
the cell membrane; (3) internalization of Dsg3 from the linear arrays. The linear arrays 
colocalized with actin. Earlier, actin had already been suggested to be involved in 
desmosomal assembly (Godsel et al., 2010)  and might also have a role in PV IgG-
induced disassembly of desmosomes (Gliem et al., 2010).  Recently linear arrays were 
also claimed to be formed in excised human skin when injected with PV IgG (Stahley et 
al., 2014). 

The polyvalent PV IgG induced clustering and endocytosis of Dsg3 could not be 
reproduced by pathogenic anti-Dsg3 monoclonal antibodies which only weakened cell-
cell adhesion (Saito et al., 2012). PV IgG induced internalization could be inhibited by 
inhibitors of p38MAPK, but not the weakening effects of monoclonal antibodies, 
suggesting that both signaling and non-signaling pathomechanisms exist. We 
investigated patient polyvalent PV IgG induced effects as monoclonal responses in 
autoimmune diseases are rare. Mapping of epitopes in pemphigus has shown that most 
patient sera recognize more than one domain (Ohyama et al., 2012). In the present 
study on the cultured PK model that has formed the basis for the current views on the 
pathogenic mechanism of PV we studied morphological light and ultrastructural 
changes in cells evoked by IgG of PV patients. Using correlative light and electron 
microscopy (CLEM) we demonstrate ultrastructural characteristics of linear arrays. Here 
we show that not actin but instead keratin underlies the formation of the linear arrays 
in cells, and that most likely the deterioration of desmosomes causes the formation of 
these arrays. 
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Results 

Desmoglein composition of desmosomes in cultured cells 
To address which Dsgs are present during incubation with patient serum, Dsg 
composition of PK was examined. After shifting PK to high calcium we followed Dsg1 
expression for 7 days [Figure 1e-h]. Dsg1 is not expressed after 24hrs of culturing in high 
calcium medium [Figure 1a], while its expression increases with the days of culturing, 
however not all the cells express Dsg1 [Figure 1 a-d]. At day 1 all cells expressed Dsg2 
[Figure 1e] and Dsg3 [Figure 1f] that colocalize [Figure 1g]. All the experiments were 
therefore performed 1-2 days post switching to high calcium medium, meaning that at 
that stage desmosomes contain Dsg2 and Dsg3. 
 

 
Figure 1. Primary human keratinocytes express desmoglein 2 and 3, while expression of 
desmoglein 1 increases with the days of culturing. a) Expression of Dsg1 (green) in PK cultured in 
high calcium medium for 24 hrs; b) for 3 days; c) for 5 days and d) for 7 days. Note that the 
expression of Dsg1 increases with days of culturing. e) Expression of Dsg2 (green) and f) Dsg3 (red) 
in PK cultured in high calcium medium for 24 hrs. g) Merged image of Dsg2 and Dsg3 expression; 
Nuclei are stained with nuclear dye (blue). Bars: 10 µm. 
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Anti-desmoglein 3 patient IgG is rapidly internalized in primary human keratinocytes 
Adding PV patient serum to cultured keratinocytes resulted in a rapid internalization of 
IgG, which was not the case with control IgG [Figure 2, red arrows, and supplementary 
movie 1]. Already after a few minutes IgG molecules are visible in the cells [Figure 2c, 
yellow arrows], and gradually IgG molecules end up concentrated around the nucleus 
[Figure 2c, position of nucleus is indicated with yellow asterix]. Another pool of IgG 
molecules remains on the cell membranes during the incubation [Figure 2c, yellow 
arrows], however its smooth distribution becomes clustered. To indicate localization of 
PV IgG during time lapse imaging we transiently expressed keratin in PK. PV IgG binds to 
the cell borders surrounding the keratin network [Figure 3 a and b, orange arrows and 
supplementary movie 2; http://www.nanotomy.org/PW/Sokol2014] and gets 
internalized as in the previous experiment [Figures 3 c and d, yellow arrows]. Together 
with IgG, Pg is also early internalized [Figure 4 a-d]. Taken together, during incubation, 2 
pools of PV IgG targeting Dsg 3 are visible, one that gets early internalized together with 
Pg, and PV IgG that remains on the membranes.  
 
Rearrangement of desmoglein 3 in clusters and linear arrays 
During incubation of PK with PV IgG, the pool of PV IgG that did not internalized formed 
clusters and linear arrays on the membranes which we examined [Figure 2c, yellow 
arrows]. These structures after 6hrs of incubation colocalized completely with Dsg3 
[Figure 5a]. Other desmosomal components as Dsc3, Pg and Dsg2 were also present in 
the clusters and arrays but adherens junction proteins as β-catenin were absent [Figure 
5b-e]. Although Dsg3 was completely rearranged Dsg2 kept smooth membrane 
distribution, except in the areas of linear arrays [Figure 5d].  Almost all the linear arrays 
colocalized with keratin filament although in limited occasions we also noted 
colocalization with actin [Figure 6]. Time lapse imaging showed that these clusters are 
very dynamic and fuse together to form bigger clusters or split into smaller ones 
[Supplementary movie 1, http://www.nanotomy.org/PW/Sokol2014]. In frame of 17 
min, 2 linear arrays completely changed their appearance and formed a cluster, 
indicating that these structures are dynamic and tend to change shapes [Figure 7]. 
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Figure 2. Pemphigus vulgaris IgG, but not the control is internalized into primary human 
keratinocytes. a) PK were incubated with control IgG (green) for 1 hr and b)  with PV IgG (green) 
for 1 hr. Orange arrow indicates membrane bound IgG; red arrow indicates internalized IgG. c) 
Time lapse imaging of primary human keratinocytes incubated with PV IgG (grey) labeled with 
Alexa 568.  Lower panels are enlarged images from upper panels (red boxes). Time points: 2min, 
15min, 45 min, 1h, 2h, 6h, 10h, 12h. Red arrows indicate internalized IgG; yellow arrow liner 
arrays; yellow asterix cell nucleus. a and b are captured with wide-field microscope, c with 
confocal microscope. Bars: (a,b) 10 µm, (c- upper panels) 20 µm. 

 



501164-L-bw-Sokol501164-L-bw-Sokol501164-L-bw-Sokol501164-L-bw-Sokol

Chapter 4 
 

100 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Pemphigus vulgaris IgG localizes around transiently expressed keratin filament 
network. PK transiently transfected with keratin 14 mCherry (red) were incubated with PV IgG 
Alexa 627 (grey). (a,b) 2 min of incubation; (c,d) 2 hrs of incubation. Orange arrows indicate 
membrane bound IgG, yellow arrows indicate internalized IgG. Bar 20 µm. 

Figure 4. Plakoglobin is internalized together with pemphigus vulgaris IgG in primary human 
keratinocytes. PK were incubated with PV IgG for 1 hr. a) Localization of Pg after 1 hr of 
incubation, b) localization of PV IgG, c) merge, d) enlarged detail (white box in c). Bars: (a-c) 
20µm,(d) 5 µm. 
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Figure 5. Pemphigus vulgaris induced linear arrays composed of desmoglein 3 and IgG contain 
desmocollin 3 and plakoglobin but not ß catenin. PK cultured in high calcium medium were 
incubated with PV IgG for 6 hrs. a) Localization of PV IgG and Dsg3 in PV IgG treated 
keratinocytes. Yellow indicates colocalization. Note clustered appearance of IgG and Dsg3. b) 
Localization of Dsc3 and Dsg3 in PV IgG treated keratinocytes. Linear arrays contain Dsc3. c) 
Localization of Pg and PV IgG in PV IgG treated keratinocytes. Linear arrays contain Pg. d) 
Localization of Dsg2 and PV IgG in PV IgG treated keratinocytes. Dsg2 colocalized with PV IgG in 
the areas of linear arrays. e) Localization of ß catenin and PV IgG in PV IgG treated keratinocytes. 
Linear arrays don’t contain ß catenin. Yellow arrows indicate linear arrays. White boxes are 
enlarged regions in last panels. Bars: (a-e, from left to right first 3 panels) 10 µm, (a-e, from left 
last panel) 1 µm. 
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Figure 6. Pemphigus vulgaris IgG induced linear arrays colocalize with keratin. PK cultured in 
high calcium medium were incubated with PV IgG for 6 hrs; a)  Localization of keratin, actin and 
IgG in PV IgG treated keratinocytes; b) enlarged regions from white boxes in upper panels; c) 
relation of keratin and PV IgG in linear arrays; d) relation of actin and PV IgG in linear arrays. Bars 
(a) 10 µm, (c-d) 1µm. 
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Figure 7. Linear arrays are dynamic structures. PK incubated with PV IgG labeled with Alexa 568. 
Time frame of 17 min showing 2 linear arrays of PV IgG every minute in PV IgG treated cells. 
Numbers indicate minutes from the moment of incubation with PV IgG. Bar 5 µm. 

Linear arrays are invaginations of one keratinocyte into a neighboring keratinocyte 
In order to identify the underlying ultrastructure of PV IgG induced linear arrays seen by 
light microscopy we performed CLEM. After fluorescent localization of Alexa568 
conjugated PV IgG induced linear arrays the cells were processed for EM. The selected 
region of interest containing two linear arrays seen by light microscopy was found back 
in the EM sample by overlaying the nuclei of the cells [Figure 8a-c].  EM visualized that 
the two linear arrays were invaginations of one keratinocyte into its neighbor [Figure 
8d-f]. At these invaginations the membranes of the neighboring keratinocytes were 
aligned at an almost constant distance of 40nm [Figure 8g]. The cells were still 
connected by desmosomes which had a diameter of around 270 nm [Figure 8h]. No 
functional desmosomes were present in the invaginations, however one the membrane 
of the cell that was invaginated (cell 2) dense plaques smaller than average 
desmosomes were present that were still connected to keratin filaments [Figure 8 f,g, 
red asterixs]. Four sequential sections of these arrays clearly showed dense plaques 
connected to keratin filaments of only cell 2 [Figure 9, yellow arrows]. These plaques 
were small with an average diameter of 100nm. A bundle of keratin filaments is found 
in the cytoplasm of cell 1, but doesn’t reach the cell membrane in any of the sections 
[Figure 9, red arrow]. Thus, it seems that linear arrays seen by light microscopy are 
invaginations that contain small desmosomal plaques with keratin filaments attached 
only from the receiving cell. 
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Figure 8. Linear arrays are invaginations of one cell to another. PK in high calcium medium were 
incubated with PV IgG labeled with Alexa 568 and examined both with light microscopy (LM) and 
electron microscopy (EM). a) Light microscopy of PV IgG induced changes in PK. Yellow arrow 
indicate PV IgG induced linear arrays. b) Overlay of light microscopy with electron microscopy. c) 
Overlay of the same region enlarged. d) EM of correlated region. Cell 1 and cell 2 are pseudo-
coloured. Yellow box is enlarged in panel f. Note invaginations (yellow arrow) of protruding cell 1 
into receiving cell 2 in the area of linear arrays. e) Detail of LM and EM overlay showing pseudo-
couloured invaginations. f) Enlarged region from panel d showing invaginations with desmosomal 
plaques (red asterix) on the membrane of invaginations and desmosomes (D) outside the 
invaginations. K indicates keratin filaments. Red box is enlarged in panel g, orange box in panel h. 
g) Enlarged detail from panel f of invagination showing two membranes at distance of 40nm and 
desmosomal plaques (red asterix). h) Enlarged detail from panel g showing normal desmosomes 
located outside the invagination. Bars (a-b,d) 10 µm; (c,f) 1µm; (g and h) 200 nm. 
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Figure 9. Consecutive 3D sections of pemphigus vulgaris IgG induced invagination. PV IgG 
induced invagination discovered by CLEM from figure 8 is inspected in three consecutive sections 
(a), (b), (c), (d). Yellow arrows indicate keratin filament attachment to desmosomal plaques on the 
membrane of cell 2, but not on the membrane of cell 1, red arrows indicate keratin filaments in 
cell 1.  Bar: 200 nm. 
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Discussion  

Here changes caused by anti-Dsg3 PV IgG in primary human keratinocytes were 
morphologically defined in order to get more insights into pathogenesis of PV auto-
antibodies. Firstly, PK model was characterized in terms of Dsg composition. 24 hours 
after inducing desmosomes by raising the calcium concentration of the medium the 
desmosomes contain Dsg3 and Dsg2 but not Dsg1. Under normal conditions Dsg2 is not 
found in skin or mucosa but rather in ‘the least differentiated cells of the cutaneous 
epithelium’  as in the hair follicle bulge, bulb matrix cells and the basal layer of the outer 
root sheath (Wu et al., 2003).  Adding PV IgG to PK depleted the desmosomes of Dsg3, 
but the desmosomes stayed functional intact. Therefore spontaneous acantholysis 
cannot be induced in this model due to Dsg2 compensation. Interestingly this cultured 
cells system is also used for the keratinocyte dissociation assay. Twenty-four hours after 
adding PV IgG an intact sheet of keratinocytes is harvested that by mechanical force can 
be fragmented (Ishii et al., 2005). This shows that the Dsg3 depleted Dsg2 containing 
desmosomes are rather weak structures. Although in the literature it is believed that 
Dsg1 is present in these cells and therefore S. aureus exfoliative toxin A (ETA) is added, 
this however is not necessary. In our hands adding or omitting ETA did not change the 
results in the keratinocyte dissociation assay confirming that Dsg1 does not play a role 
in this model (unpublished results).  

We confirmed earlier observations on the PK as we found rapid internalization of IgG, 
Dsg3 and PG (Calkins et al., 2006) and formation of linear arrays that were reported 
recently (Jennings et al., 2011). As Jennings et al reported these arrays do contain 
desmosomal components, but not adherens junction components. Here however we 
observed in contrast with Jennings that the linear arrays predominantly colocalized with 
keratin instead of actin. We did observe colocalization of arrays with actin in certain 
structures which are most likely filopodia that are pushed forward by actin (Wood and 
Martin, 2002). Time lapse imaging showed that PV IgG induced linear arrays are 
dynamic structures as they tend to fuse and change shape over time and PV IgG induced 
clusters are still present on the membranes after 12 hrs of incubation, questioning 
internalization from these structures as stated before by Jennings et al. 

In order to define ultrastructure of PV IgG induced linear arrays CLEM was 
implemented. Linear arrays appeared to be protrusions of one cell into another. In 
these invaginations the membranes of two adjacent cells are aligned at about 40 µm 
distance as we formerly observed in pemphigus patient skin (Sokol et al., 2015). Similar 
to these earlier findings close alignment of two membranes by invagination was 
observed in areas of clustered IgG in skin of pemphigus foliaceus, dominated by Dsg1 
autoantibodies (data not published). As before, here we hypothesize that the IgG 
crosslinks opposite Dsg’s through its bivalent nature.  
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Data showed that the receiving cell that was invaginated still had keratin filaments 
connected to plaque structures that were missing on the opposing membrane of the 
jntruding keratinocyte. We hypothesize here that the unilateral connection of the 
protrusion to keratin is the cause of its formation. When the keratin connection is lost in 
the protruding cell the membrane will be pulled inside by the keratin of the receiving 
cell that is still connected to the membrane. If the membranes of the two opposing cells 
are ‘glued’ together at the sites of IgG binding, the opposing membrane will also be 
pulled inside the receiving cell. The disconnection of keratin insertion is a result of 
desmosomal breakdown when plaques are detoriated. Apparently the breakdown of 
desmosomes is not symmetrical as the attachment plaque may remain in one cell while 
lost in the other. Desmosomal breakdown may thus happen earlier in one cell than in 
another. This also explains why invaginations were mostly unidirectional for a cell. 
Intime the second cell also loses its attachment plaques and keratin connections the 
invaginations will disappear and the membranes will reshape as witnessed in time lapse 
imaging. 

Thus, desmosomes become depleted of the targeted desmoglein. Furthermore IgG 
rearranges the targeted Dsg, and at the sites where IgG and Dsg concentrate 
desmosomes melt and disappear. At the same time intact desmosomes, although 
depleted from the targeted Dsg, remain functional outside the clustered areas. Why 
desmosomes degrade in the clustered IgG areas remains unclear, the mechanism may 
help to better understand, or help to explore avenues to prevent acantholysis.  

We recently showed that double membrane structures with the same inter membrane 
distance are abundant in pemphigus patient skin, including structures that appeared 
remnants of desmosomes [see chapter 2]. However in patient tissue these structures 
were not connected to keratin as observed here in cells. Moreover, in patient skin Dsg 
and IgG separate from other desmosomal components while in the cultured cells they 
all concentrate at the sites of IgG binding.  Therefore it is questionable in what way the 
cultured cell model really reflects the acantolytic mechanism that occurs in skin. An 
absolute need to shed light on this is to map the ultrastructural fate of Dsg3 in 
pemphigus patient skin and mucosa and to compare that to the data presented here. 
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Material and methods 

Cell culture 
PK were isolated from healthy skin taken from redundant skin from breast reduction, 
which was used with signed informed consent. Institutional approval was not necessary 
since the skin is considered as redundant material. PK were grown in CnT-prime 
medium (CELLnTEC, Switzerland) at 37oC and 5% C02 and were shifted to medium 
containing 1.2mM calcium at least 18hrs before incubation with human IgG. For 
immunolabeling experiments cells were grown on glass cover slips in 24 well plates, 
while for time lapse experiments and CLEM cells were grown in Nunc Lab-Tek dishes II 
chambered coverglass (Thermo Fisher Scientific, Waltham, MA, USA). 
 
Patient IgG 
Serum from patients with pemphigus was obtained from leftover samples received for 
diagnostics at the Center of Blistering Diseases at the University Medical Center 
Groningen. Diagnosis of pemphigus was confirmed by clinical features, histopathology, 
direct and indirect immunofluorescence and desmoglein ELISA. IgG from patient sera 
and controls was purified by HiTrap protein G sepharose chromatography (GE 
Healthcare, Sweden) according to the manufacturer’s protocol, and then dialyzed 
against phosphate buffered saline (PBS) pH 7.2 and concentrated by ultrafiltration. For 
some experiments the IgG was covalently labeled with Alexa Fluor 568 or Alexa Fluor 
647 carboxylic acid, succinimidyl ester (Molecular Probes, USA). 
 
Immunofluorescence microscopy  
PK in high calcium medium on coverslips were incubated for 1 or 6 hrs with serum or 
purified IgG a final concentration of 140ug/ml and then fixed with 2% formaldehyde, 
permeablized with 0.5% Triton and blocked with PBS-ovalbumin. Coverslips were 
incubated for 30 minutes with the primary antibody, washed with PBS and then 
incubated with the secondary conjugated antibody. The following primary antibodies 
for immunolabeling were used: Dsg3 (G194, Progen and EPR1410, Abcam), Dsg2 
(10G11,Progen), Dsg1 (EPR6766 , Abcam), Pg (15F11, Sigma Aldrich), Dsc3 (4D2, 
Abnova), actin (Acti-stain, phalloidin 488, Cytoskeleton), keratin  (EP1612Y,Abcam), ß 
catenin (9G2, Enzo Life Sciences), IgG (Dylight 488, Thermo Scientific). Images were 
recorded with Leica DFC 350FX digital camera (leica Microsystems AG, Wetzlar, 
Germany) or Zeiss LSM780 Confocal Microscope (Zeiss, Germany). 
 
Transfection of cells 
PK in suspension were transiently transfected with keratin 14-mCherry using 
electroporation (Neon System, Thermo Fisher Scientific, USA).  After transfection the 
medium was shifted to 1.2 mM calcium for 24 hrs before starting experiments. 
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Time lapse imaging 
PK in high calcium medium in Lab-Tek dishes were placed in imaging chamber at 37oC 
and 5% CO2 of a Zeiss LSM780 Confocal Microscope (Zeiss, Germany). Imaging was 
monitored using ZEN 2011 software (Zeiss, Germany). Alexa 568 labeled PV patient IgG 
diluted in CELLnTEC medium was added to cells during live imaging. 
 
Correlative light and electron microscopy  
PK in Lab-Tek dishes were incubated with ALexa 568 labeled PV IgG or control IgG for 6 
hrs, fixed with 2% formaldehyde and stained with 1% bisbenzimid nuclear dye. After 
fluorescent imaging cells were post-fixed in 2% glutaraldehyde in 0.1 M sodium 
cacodylate buffer pH 7.4 followed by 1% osmiumtetroxide and 1.5% 
potassiumferrocyanide. The samples were dehydrated,   embedded in epon and 
sectioned as described before 21.  For 3D electron microscopy ribbons of 50 nm thin 
sections prepared on a Leica EM UC7 ultramicrotome were positioned on silica wavers, 
contrasted with 2% uranyl acetate in methanol and Reynolds lead citrate. Images were 
made in a Zeiss Supra55 electron microscope with ATLAS software developed by Fibics 
(Ottawa, Ontario, Canada). Overlays of IF and EM image were made using Adobe 
Photoshop CS5.5. 
 
Supplementary material  
Movie 1. PV IgG internalization and rearrangement upon incubation with primary 
human keratinocytes. PK were cultured in high calcium medium were incubated with 
PV IgG labeled with Alexa 588. Time: 13 hrs.  
Movie 2. PV IgG surrounds keratin network in primary human keratinocytes. PK were 
transiently expressed with Keratin 14 mCherry (red) and grown in high calcium medium. 
Cells were incubated with PV IgG tagged Alexa 647. Note that not all of the cells express 
exogenous keratin. Note internalization. Time: 2hrs.  
Movies can be downloaded from http://www.nanotomy.org/PW/Sokol2014/ 
Login: pemphigus 
Password: blister 
 
Upon publication the link will be changed 
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Introduction 

The pathomechanisms of autoimmune diseases are in detail unknown despite of all the 
ongoing research.  Pemphigus is a model of autoimmune disease for a single organ, for 
which the target, skin and mucosa, are easy accessible thus allowing it to be studied on 
actual patient tissue where the pathogenesis takes place. Furthermore certain aspects 
of pemphigus pathogenesis can be studied in different experimental models using 
patient autoantibodies as involvement of other components of the immune system is 
not required. This makes pemphigus one of the most approachable autoimmune 
disorders to study. How autoantibodies against desmosomal proteins are able to induce 
loss of cell-cell adhesion and which mechanisms are involved is still a trilling question 
that fascinated scientists over the last 50 years. This question is also the subject of this 
thesis. Here we combined the clinical and scientific expertise and the patient sample 
availability of the Center for Blistering Diseases with newly developed imaging 
techniques of the Imaging Center in the Department of Cell Biology of the University 
Medical Center Groningen to gain more insights into the pemphigus pathomechanism. 
We also combined studies on actual pemphigus patient tissue with those on cultured 
primary keratinocytes using patient autoantibodies. To visualize pathological induced 
changes we used the correlative light and electron microscopy (EM) on the same 
specimen, immuno-labeling, confocal and time lapse imaging and large scale electron 
microscopy. By combination of these techniques we discovered novel findings which 
contribute to the current understanding of pemphigus pathogenesis.  

Approach to the pathogenesis:  pemphigus models and techniques used 

When studying pemphigus pathogenesis choice of experimental model and techniques 
and understanding its limitations is crucial, since most of the differences in views on 
pemphigus pathogenesis originate from the approach. The most valuable object to 
study is the skin of the pemphigus patient (Chapters 2 and 3) since that contains 
information on the actual pathogenesis. However it is necessary to reflect on the stage 
of the pathogenesis at the site of collecting the patient tissue, different specificities of 
autoantibodies, different titers and clinical differences between patients. For instance 
the level of IgG/Dsg clustering in tissue samples obtained for diagnostics can vary 
between patients (data not shown).  

In Chapter 2 large scale microscopy approach was used which enables unbiased EM 
observation and data sharing. All EM data from Chapter 2 are now as open source 
publicly available. One of the most interesting findings were the abundant double 
membrane structures present in pemphigus skin. Apart from one observation in 1996 
(Tada and Hashimoto, 1996) these have been missed by conventional EM. In Chapter 3 
correlative light and electron microscopy was implemented to identify the IgG clusters 
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seen in patient skin. Furthermore the same large scale approach was used as in Chapter 
3 to follow the faith of Dsg1 in PF skin through the epidermal layers. 

In Chapter 4 we changed to primary human keratinocytes, a model easy to handle and 
manipulate, however the composition of the desmosomes in keratinocyte monolayers 
differs from epidermis or mucosal epithelium as they contain also Dsg2. Therefore, in 
accordance with desmoglein compensation theory (Mahoney et al., 1999) actual 
acantholysis cannot be induced by patient autoantibodies on keratinocyte monolayers, 
yet the effects of anti-Dsg3 IgG on Dsg3 can be studied. Time lapse imaging was used to 
follow the fate of fluorescently labeled PV IgG and additionally transfected this model 
with mCherry keratin to enable visualization of cell borders. For observation of IF 
images combination of wide field microscopy and confocal microscopy was used. In 
keratinocyte culture model Dsg1 is not visibly expressed on 1 day after induction of 
desmosomes, but after several days it is present in differentiated cells that have 
flattened off. However endocytosis of Dsg1 could not be evoked by anti-Dsg1 patient 
IgG (not shown), therefore this model was not implemented for studying PF 
pathogenesis. This was in contrast with the previous finding of PF IgG internalization in 
primary human keratinocytes (Cirillo et al., 2007) which can be explained by difference 
in culture conditions.  

Findings through thesis chapters 

In Chapter 1b we reviewed non-adhesive functions of major desmosomal proteins and 
their isoforms and diseases in which these are involved. Most interestingly for the 
subject of this thesis are functions of Dsg1 and Dsg3 as they are the main immunological 
targets of pemphigus. Past studies have shown that there is relationship between the 
actin cytoskeleton Dsg3 regulates E-cadherin levels and interacts with actin (Tsang et al., 
2010; Tsang et al., 2012a). This would be a possible explanation of the perturbed actin 
cytoskeleton in primary human keratinocytes after incubation with PV IgG. In this thesis 
the primary focus was however not on actin and as in EM the actin cytoskeleton is 
hardly visible so conclusions are not drawn here. However in Chapter 4 we did 
investigate if actin co-localized with the PV IgG induced so-called linear arrays.  In 
contrast to an earlier claim in the literature we found no-colocalization of actin and 
linear arrays (Jennings et al., 2011). Actin and Dsg3 did colocalize in other structures 
that appeared like linear arrays but which in all probability are filopodia. It is known that 
Dsg3 interacts with actin and promotes filopodia formation (Tsang et al., 2012a). More 
proof for this should be obtained by specific staining for filopodia in combination with 
actin. The PF antigen Dsg1 was found to promote epidermal differentiation (Getsios et 
al., 2009; Harmon et al., 2013), therefore it can be expected that epidermal 
differentiation is disrupted in skin and mucosa of PF patients. Nothing on this however 
is present in the literature but from our own experience we know that hyperkeratosis is 
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seen in PF patient skin. We hypothesize that this is likely connected to the Dsg1 function 
in differentiation. A future study should address if the level of hyperkeratosis is 
connected with the degree of Dsg1 depletion/clustering.  

In Chapter 2 10 patient datasets are open source available online by nanotomy (large 
scale electron microscopy, www.nanotomy.org). The most prominent finding in 
pemphigus tissue is the presence of double membrane structures which is the most 
abundant in lesional tissue. Distribution wise they remind of the IgG clusters seen by 
routine immunofluorescence of patient biopsies. The double membrane structures in 
some samples also contained small structures which seem as remains of desmosomal 
plaques. In contrast to a previous finding (Tada and Hashimoto, 1996) we also 
discovered double membrane structures in PV tissue. Double membrane structures can 
be expected in PV skin as complexes of Dsg3 and IgG. However PV patient also had a, 
although very low, Dsg1 ELISA titer, what might explain this finding. Therefore future 
study that explore more PV biopsies are warranted to elucidate this question. Why the 
double membrane structures have intertwined shapes remains a question for further 
research. In Chapter 4 a possible role for keratin in IgG induced invaginations is 
suggested in cultured cells, however in skin no evidence for this was found. It is clear 
that this is a field for further research. 

As the distribution pattern of the double membrane structures was similar to the 
IgG/Dsg clusters observed by (Oktarina et al.,2011), we in Chapter 3 investigated if a 
causal relation exists between these two observations. Before we observed in an ex vivo 
human skin model the clusters of IgG/Dsg cannot be induced by Fab fragments, 
suggesting that the double membrane structures are caused by the  bivalency and 
polyvalency of IgG molecules by which they are able to crosslink their Dsg antigens. 
Therefore we assume that membranes of two neighboring keratinocytes are held 
together by bivalent IgG molecules that link two opposite non-junctional desmogleins. 
Unexpectedly in PV tissue seemingly remains of desmosomes were found. Based on our 
previous findings we had expected a total separation of crosslinked Dsg from 
desmosomes. Future research has to show if desmosomes can be trapped in the 
crosslinked double membranes. The fate of double membrane structures is not known. 
When following Dsg1 through the epidermal layers in PF patient skin, large cytoplasmic 
vesicles containing Dsg1 were found in the upper epidermal layers. These vesicles also 
had double membranes but the distance between the membranes (22 nm) was smaller 
than in the double membrane structures (40 nm). While the double membrane 
structures are actually continuations of the plasma membranes of two opposing 
keratinocytes the cytoplasmic vesicles originate from un unknown endocytic process.  
Double membrane vesicles are extremely rare elements in cells (Dopfer et al., 2011; 
Guttman et al., 2004; Piehl et al., 2007), and here also their size that can reach 3 μm in 
diameter, is astonishing. Because they contain Dsg1 they must originate from the 
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double membrane structures. The mechanism by which the vesicles form from the 
double membrane structures must be unique and represents a undiscovered ability of 
cells. 

In our dataset we did not find a clue for the pathogenesis of double membrane vesicles 
as we investigated only one section. We suggest for future studies to investigate this 
process by 3D EM of immunolabeled biopsies. The technique of 3D EM is still in a phase 
of being developed and endocytic process present here would be a perfect example to 
demonstrate its power. Since double membrane vesicles are seen in the corneal layer 
we assume that they are shed from the epidermis together with corneocytes and likely 
are involved in the depletion of Dsg but are not primary pathogenic.  

In Chapter 4 we solved the nature of the linear arrays that form in keratinocytes when 
these encounter pathogenic PV IgG. We showed that these structures likely arise due to 
the disappearance of desmosomes and that still attached keratin filaments pulls one cell 
into another. These arrays form at the positions of clustered IgG and have a same 
distance of 40 nm between opposing membranes as we found before in Chapters 2 and 
3 in patient skin.  These arrays contain IgG and Dsg3 but also other desmosomal 
components and therefore are different than the clusters seen in patient skin as these 
contain predominantly IgG, targeted Dsg and plakoglobin. Another difference is the 
presence of keratin filaments that attach to the double membrane arrays in primary 
human keratinocytes, a phenomenon we did not observe in patient skin. This might 
indicate a difference in the pathomechanism between IgG treated cultured 
keratinocytes and patient tissue keratinocytes. However it might also be related to the 
time of incubation, as primary human keratinocytes were examined 6 hours after 
adding IgG while patient skin receives constant IgG attacks might reflect another stage 
in pathogenesis. As before for skin we propose that the double membrane structures 
formed in cells result from crosslinking of Dsg molecules. The video presented in this 
thesis however also shows that besides fusing IgG clusters sometimes split. This might 
indicate that clusters sometimes form out of separate smaller clusters.  Since keratin 
filaments are present on one side of the membranes we assume that arrays form as a 
result of loss of keratin from the membrane of the pulled in cell. When the other cell 
also loses its keratin the array will in all probability disappear, what would explain the 
change in shapes we observed over time. What Chapter 4 however clearly showed is 
that Dsg3 disappeared from desmosomes and that this is the most likely cause of 
acantholysis. However as it is unclear if the pathomechanism in cells is the same as in 
tissue.    
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Reflection on pemphigus pathogenesis theories 

Research on pemphigus pathogenesis over the past years resulted in several theories: 
steric hindrance, cell signaling and desmoglein non-assembly depletion hypothesis, 
which we explained in the introduction of this thesis. These theories show the diversity 
of pemphigus research and are results of different approaches and are mainly based on 
studies on cultured cells. The theory of steric hindrance prevailed out of earlier findings 
of half-desmosomes around the blister cavities (Wang et al., 2009) and on immune-
mapping studies that showed pathogenic PV IgG to bind to N-terminal domain of Dsg 
that contains the trans-adhesive binding site (Amagai et al., 1992; Sekiguchi et al., 
2001). In Chapter 2 of this thesis we did find half-desmosomes around the blister 
cavities in pemphigus tissue. According to the steric hindrance theory these half-
desmosomes results of IgG blocking of the Dsg trans-adhesion interface. The half-
desmosomes we found in all lesional tissue except in lesional pemphigus foliaceus skin 
might be caused by steric hindrance, but due to their size alternatives are newly 
synthetized half-desmosomes that seek an opposite partner, or remains off weakened 
Dsg-depleted desmosomes that split by mechanical force as wielded during biopsing. As 
all these three mechanisms are possible we cannot close that discussion here.  In the 
lesional PF biopsy half-desmosomes in the acantholytic cells were not found. This could 
be explained by the following: being the dead of acantholytic cells or the inability of 
these cells to produce new desmosomes due to Dsg1, the only Dsg expressed in this 
area, is captured in its soluble form by the pathogenic IgG.  

The cell signaling theory suggests that acantholysis is caused by IgG disturbing signaling 
pathways but is based on cell culture studies (Waschke and Spindler, 2014). In Chapter 
2, as before, we could rule out involvement of apoptosis in the acantholytic mechanism 
studying patient skin (Janse et al., 2014).  

Retraction of keratin filaments is claimed to be caused by MAPK kinase involvement in 
pemphigus (Berkowitz et al., 2005), however in Chapter 2 we here found keratin 
retraction only in lesional PF patient skin which is likely a secondary event instead of the 
primary event leading to acantholysis. 

Several studies showed an beneficial effect of 38MAPK inhibitors on acantholysis 
(Berkowitz et al., 2006; Jolly et al., 2010) but in Chapter 4 we observed that acantholysis 
in cultured primary keratinocytes is prevented by Dsg2 compensation. Little is known 
about the effects of paralyzing signaling pathways and over interpretation on 
acantholysis might be present in pemphigus research. In Chapter 4 massive 
internalization of IgG and Dsg was seen what was used as an argument for causative 
involvement of pathway interference, however in our long time observations 
acantholysis did not occur.   
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The non-assembly depletion hypothesis is supported by the finding of internalization of 
non-desmosomal Dsg after pemphigus IgG incubation in cell monolayers and clustering 
of IgG and targeted desmogleins outside desmosomes in pemphigus patient skin 
(Oktarina et al., 2011). In this thesis we found further support for the non-assembly 
depletion theory as we found depletion of Dsg1 from desmosomes and clustering of 
Dsg1 outside desmosomes. We also found that desmosomes shrink when depleted from 
Dsg1 and demonstrated that Dsg3 is depleted from desmosomes when cultured cells 
contact PV IgG, as reported many times before (Delva et al., 2008; Jennings et al., 2011; 
Patel et al., 1984). Therefore we support the non-assembly depletion hypothesis. 

Final remark 

Based on the results of this thesis we propose that desmosomes become depleted of 
the targeted Dsg and that this at the layers where compensation is not possible leads to 
the wasting away of desmosomes. Several experiments with exogenous Dsg have shown 
that such cells are rescued from acantholysis. This thesis focused on Dsg1 in patient skin 
as immunolabeling for Dsg1 for electron microscopy was successful. We were successful 
in finding an antibody that worked for immunoelectron microscopy procedure. What is 
left open is an antibody to follow the ultrastructural fate of Dsg3 in PV tissue. Successful 
labeling would link together 20 years of cell observations to patient skin. Furthermore, 
as all events in cells are under cell signaling control it is not strange that inhibitors of cell 
signaling pathways can also inhibit acantholysis. However, inhibiting signaling pathways 
to control acantholysis will therefore also easily result in unwanted side effects. If 
compounds can be found that selectively inhibit desmosomal Dsg depletion a new 
avenue for pemphigus treatment would be opened.  
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Summary 
Pemphigus is an auto-immune blistering skin and/or mucosal disease caused by 
antibodies against proteins of desmosomes. Desmosomes are cell-cell adhesion 
structures that interconnect intermediate filament networks of neighboring cells. The 
transmembrane desmosomal proteins that are the targets of pemphigus 
autoantibodies, desmoglein 1 (Dsg1) and desmogleins 3 (Dsg3), are specific for the 
stratified epithelia of the skin and mucosal membranes and are not present in the 
simple epithelia. Therefore, loss of cell-cell adhesion (acantholysis) induced by 
pemphigus autoantibodies and clinically presented as blistering occurs only in these 
tissues. Two main forms of pemphigus are known: pemphigus vulgaris (PV) and 
pemphigus foliaceus (PF) with a different clinical picture and a different auto-antibody 
profile. PV has two subforms: mucosal dominant and mucocutaneous PV. In PF 
autoantibodies against Dsg1 cause blisters on skin; in mucosal PV autoantibodies 
against Dsg3 cause blisters on the mucosal membranes; and in mucocutaneous PV both 
autoantibodies and both types of blisters are present.  

In normal human skin and mucosa the Dsgs have an even smooth membrane 
distribution, while in pemphigus patient skin and mucosa they are relocalized in the 
form of clusters. Which type of Dsg -clusters depends on the autoantibodies. Thus 
pemphigus autoantibodies induce both loss of cell-cell adhesion and clustering of the 
targeted autoantigens. These two pathological changes can be induced in experimental 
conditions by applying pemphigus patient autoantibodies to living normal human skin 
biopsies. 

How pemphigus autoantibodies induce loss of cell-cell adhesion and what is the nature 
of Dsg1 and or Dsg3 clusters are our main questions. To address this we used advanced 
imaging approaches applied to pemphigus patient tissue and a cell model system to 
which we applied patient autoantibodies.   

In chapter 2 we used electron microscopy (EM), a technique already used in pemphigus 
research for over 50 years, but in this thesis in a much different fashion and approach: 
Large scale electron microscopy (“nanotomy”) was applied to study pemphigus patient 
skin and mucosa. This non-biased technique allows easy exploration of large tissue 
areas which is not possible by conventional EM. We examined both skin and mucosa of 
PF and PV patients, focusing on ultrastructural details: localization of blister cavities, 
presence of half desmosomes and localization of keratin filament network in the cells 
surrounding the blister cavities, desmosomes and intercellular space in non-lesional 
layers. Examination of remains of desmosome/half desmosomes on the borders of 
blister cavities plays an important role as it can distinguish two main events: if loss of 
cell-cell adhesion is a result of disappearance of desmosomes or mechanical 
interruption of Dsg trans-adhesion. In spontaneous lesional PF patient skin no 
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desmosomes were present around the blister cavity, while in Nikolsky positive PF 
patient skin half desmosomes were observed. Half desmosomes were also observed 
around the blister cavities in the skin and mucosa of lesional PV.  In all lesional 
pemphigus samples and to a lesser extend in non-lesional samples newly described 
structures named interdigitations composed out of two neighboring cell membranes 
were present. These structures were abundant in lesional pemphigus skin, what links 
them to the blister pathogenesis. In these structures remains of desmosomal plaques 
were found. Reduction of desmosomal size and number and widening of the 
intercellular spaces in this study were confirmed. Pemphigus datasets are open access 
available on www.nanotomy.org. 

In chapter 3 we investigated the nature of Dsg1 relocalization into clusters and Dsg1 in 
desmosomes in perilesional PF patient skin. Correlative light and electron microscopy 
(CLEM) lead us to the finding that IgG/Dsg1 clusters seen by light microscopy are in fact 
the interdigitations as revealed by EM-analysis in chapter 2. Thus, Dsg1 is relocalized 
into the clusters outside desmosomes. We found a reduction of Dsg1 in desmosomes of 
PF patient skin at the layers where Dsg1 relocalized in clusters. Further nanotomy Dsg1 
was implemented to follow the localization of Dsg1 through all epidermal layers using 
immunolabeling. Dsg1 localizations shifts from interdigitations in the lower layers to 
large intracytoplasmic double membrane vesicles in the upper epidermal layers. 3D 
analysis of interdigitations demonstrates that these are continuous for several 
micrometers and not a local concentration of cytoplasmic double membrane vesicles.  

Primary human keratinocytes expressing Dsg3 are a reasonable model for studying PV 
but not PF as they do not express Dsg1, and are easier to manipulate than tissue. In 
chapter 4 the pathogenic effect of PV patient auto-antibodies on Dsg3 and other 
desmosomal proteins was followed on primary human keratinocytes. Two main events 
of anti-Dsg3 effect were observed after adding PV IgG: rapid internalization of anti-Dsg3 
antibodies into the cells followed by formation of dynamic membrane-bound Dsg3 
containing clusters that transiently adapt shapes called linear arrays which run 
perpendicular to the cell membranes. In contrast to earlier findings in skin colocalization 
of other desmosomal proteins within these clusters was found. CLEM revealed that 
linear arrays consist of invaginations of one cell into another. These invaginations of one 
cell into the another have a similar appearance asf the interdigitations in skin (chapter 
2), with the exception that we did not observe keratin filaments attached to the skin 
structures.  The membranes of both cells were in close proximity in these arrays. Keratin 
connected to the membrane only on one side of arrays suggests that one cell pulls the 
other one inside resulting in these linear arrays shapes.   

Overall conclusion. This thesis supports and extends the desmoglein depletion theory of 
pemphigus pathogenesis. Loss of cell-cell adhesion in pemphigus occurs due to the 
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depletion of the targeted desmogleins, likely non-desmosomal desmogleins, which then 
are not able to be incorporated into the desmosomes anymore. Due to this lack of the 
targeted desmogleins in the areas where the other desmoglein isoform is never 
expressed desmosomes will ‘melt’ away and loss of cell-cell adhesion will occur. This 
occurs in the subcorneal layer of skin epithelium and the basal layer of mucosal 
epithelium. Furthermore partial loss of desmogleins will lead to weakened desmosomes 
and in such area’s blisters can be evoked by applying mechanical force as for example 
by the Nikolsky test. Future investigation should identify exact mechanism of 
desmoglein depletion and relocalization. Mechanism of formation of interdigitations 
between cells in pemphigus tissue and their relation to desmoglein depletion would 
unravel their role in pemphigus pathogenesis. The remains of desmosomal plaques in 
the interdigitations can result from the ‘melting’ away desmosomes or can be newly 
synthesized desmosomes and understanding this would give more insights to the 
pathogenesis. The large double cytoplasmic vesicles in the higher skin layers reflect an 
fascinating unknown mechanism of endocytosis and future research should also focus 
on this. Understanding exact sequence of the events of the depletion of desmogleins 
and formation of the interdigitating between neighboring cells would greatly impact our 
current knowledge about pemphigus pathogenesis. 
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Samenvatting 

Pemphigus is een auto-immuun blaarziekte van de huid en/of slijmvliezen, veroorzaakt 
door antilichamen tegen desmosomale eiwitten. Desmosomen zijn cel-cel 
adhesiestructuren die het netwerk van intermediaire filamenten van buurcellen met 
elkaar verbinden. De desmosomale transmembraaneiwitten die het doelwit zijn van de 
pemphigus autoantilichamen, desmogleïne 1 (Dsg1) en desmogleïne 3 (Dsg3), komen 
specifiek tot expressie in het meerlagig epitheel van huid en mucosa, maar niet in 
simpel epitheel. Pemphigus autoantilichamen induceren daarom alleen in dit weefsel 
verlies van cel-cel adhesie, klinisch waarneembaar als blaarvorming. Er bestaan twee 
belangrijke vormen van pemphigus: pemphigus vulgaris (PV) en pemphigus foliaceus 
(PF), elk met een verschillend klinisch beeld en autoantilichaam profiel. PV heeft twee 
varianten: mucosa dominante en mucocutane PV. In PF veroorzaken de anti-Dsg1 
autoantilichamen blaren op de huid; in mucosale PV veroorzaken anti-Dsg3 
autoantilichamen blaren op de mucosa, en in mucocutane PV zijn beide 
autoantilichamen aanwezig en veroorzaken zij blaren in beide weefsels. In normale 
humane huid en mucosa tonen de desmogleïnes een gladde distributie langs de 
epitheliale cel membranen, terwijl desmogleïnes in de huid en slijmvliezen van 
patiënten met pemphigus, een geclusterde distributie laten zien. Het type Dsg cluster 
hangt af van tegen welk Dsg het autoantilichaam is gericht. Kortom, pemphigus 
autoantilichamen induceren verlies van cel-cel adhesie en clustering van specifieke 
autoantigenen. Deze twee pathologische veranderingen kunnen experimenteel worden 
nagebootst door autoantilichamen van pemphigus patiënten toe te voegen aan gezonde 
humane huidbiopten. Hoe pemphigus autoantilichamen het verlies van cel-cel adhesie 
induceren, en wat de aard is van de Dsg1 en Dsg3 clusters, zijn de twee vragen waarop 
wij ons richten in dit proefschrift. Om deze vragen te beantwoorden hebben we 
geavanceerde beeldvormende technieken toegepast op weefsel van pemphigus 
patiënten en op een in vitro cel model waaraan we autoantilichamen van patiënten 
hebben toegevoegd. 

In hoofdstuk 2 wordt EM gebruikt, een techniek die al meer dan 50 jaar in pemphigus 
onderzoek word toegepast, maar in dit proefschrift op een nieuwe manier. 
Grootschalige electronenmicroscopie (“nanotomie”; www.nanotomy.org) wordt 
gebruikt om de huid en mucosa van pemphigus patiënten te bestuderen. Deze techniek 
maakt gemakkelijke exploratie van grote weefseloppervlakten toegankelijk, wat niet 
mogelijk is met conventionele EM, en is dus vrij van selectiebias. Huid en mucosa van PF 
en PV patiënten worden onderzocht, met nadruk op de ultrastructurele details in 
blaarniveau, de aanwezigheid van half-desmosomen en locatie van keratine filament 
netwerk in de cellen direct om de blaar, en desmosomen en intercellulaire ruimte in de 
niet-lesionale lagen. De analyse van desmosoom restanten of half-desmosomen langs 
de blaar is belangrijk aangezien het onderscheid kan maken tussen twee belangrijke 
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gebeurtenissen, namelijk of verlies van cel-cel adhesie het gevolg is van het verdwijnen 
van desmosomen of van mechanische verbreking van de Dsg-Dsg trans-adhesie. In 
spontane lesionale PF huid zijn desmosomen volledig afwezig rond de blaar, terwijl in 
Nikolsky positieve PF patiënten huid wel half-desmosomen rond de blaar aanwezig zijn. 
Half-desmosomen worden ook aangetroffen rond de blaren in de lesionale huid en 
mucosa van PV patiënten. In alle lesionale pemphigus biopten en, in mindere mate, ook 
in niet-lesionale biopten, zijn tevens niet eerder beschreven interdigiterende structuren 
aanwezig die bestaan uit de celmembranen van twee buurcellen. Deze structuren zijn 
met name aanwezig in lesionale pemphigus huid, waardoor ze mogelijk een rol hebben 
in de pathogenese van blaarvorming. In deze structuren zijn ook restanten van 
desmosomale plaques aanwezig. De desmosomen zijn hier ook kleiner en in mindere 
mate aanwezig als in normale huid. Deze pemphigus EM datasets zijn vrij toegangelijk 
op www.nanotomy.org. 

In hoofdstuk 3 wordt de aard van de Dsg1 clusters en de desmosomaal Dsg1 in 
perilesionale PF patiënten huid onderzocht. Met correlatieve licht en electronen 
microscopie (CLEM) wordt aangetoond dat de IgG/Dsg1 clusters welke zichtbaar zijn 
met licht microscopie, de interdigiterende structuren zijn die in hoofdstuk 2 met EM 
worden gevonden. De hoeveelheid Dsg1 is sterk verlaagd in de desmosomen van PF 
patiënten huid, met name in die lagen waar tde Dsg1 clusters aanwezig zijn. Ofwel, er 
vindt redistributie van Dsg1 plaats, van desmosomen naar clusters buiten het 
desmosoom. Aanvullende nanotomie laat zien dat de locatie van Dsg1 zich verplaatst 
van interdigitaties in de lagere lagen, naar grote intracytoplasmatische vesikels met een 
dubbel membraan in de bovenste epidermale lagen. 3D analyse van de interdigiterende 
structuren laat zien dat deze structuren een continuüm vormen, met een lengte van 
enkele micrometers, in plaats van een lokale concentratie van cytoplasmatische 
vesikels.  

Primaire humane keratinocyten brengen Dsg3, maar niet Dsg1, tot expressie en vormen 
daarom een redelijk goed model om PV, maar niet PF, te bestuderen, ook al omdat het 
eenvoudiger te manipuleren is dan huidweefsel. In hoofdstuk 4 worden de pathogene 
effecten van PV autoantilichamen op Dsg3 en andere desmosomale eiwitten in primaire 
humane keratinocyten bestudeerd. Twee belangrijke gebeurtenissen worden 
geobserveerd: na het toevoegen van PV IgG vind er snelle internalisatie van Dsg3 
autoantilichamen plaats, gevolgd door de formatie van dynamische membraan-
gebonden Dsg3 bevattende clusters die tijdelijk de vorm van lineaire structuren (‘linear 
arrays’) aannemen welke haaks ten opzichte van de celmembraan staan. In 
tegenstelling tot eerdere bevindingen in huid, is er sprake van colokalisatie van andere 
desmosomale eiwitten in deze clusters. Met CLEM zien we dat de lineaire structuren 
gevornd worden door invaginaties van buurcellen in elkaar. Deze invaginaties lijken op 
de interdigitaties die in de huid aanwezig zijn (hoofdstuk 2), behalve dat er geen 
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keratine filamenten aan de huidstructuren vast zit. De membranen van beide cellen 
ligggen vlak naast elkaar in deze lineaire structuren. Keratine zit slechts aan een kant 
van de lineaire structuren vast, wat de suggestie wekt dat de ene cel de andere naar 
binnen trekt.  

Algehele conclusie. Dit proefschrift ondersteunt en breidt de desmogleïne depletie 
theorie van pemphigus pathogenese uit. Verlies van cel-cel adhesie in pemphigus komt 
voort uit het verdwijnen van specifieke desmogleïnes, waarschijnlijk uit de ‘pool’ van 
niet-desmosomale desmogleïnes, die vervolgens niet meer ingebouwd kunnen worden 
in desmosomen. Door dit gebrek aan specifieke desmogleïnes in de gebieden waar 
andere desmogleïne isovormen ontbreken zullen desmosomen ‘wegsmelten’, wat 
resulteert in verlies van cel-cel adhesie. Dit gebeurt in de subcorneale lagen van de huid 
en de suprabasale lagen van mucosaal epitheel. Daarnaast zal het gedeeltelijke verlies 
van desmogleïnes leiden tot verzwakte desmosomen, en in dergelijke gebieden kunnen 
blaren worden opgewekt door het toepassen van mechanische druk, bijvoorbeeld met 
de Nikolsky test. Toekomstige onderzoeken zullen de exacte mechanismes van 
desmogleïne depletie en relocalisatie moeten ontrafelen. Het mechanisme van de 
formatie van interdigitaties tussen cellen, en hun relatie met desmogleïne depletie zou 
verder inzicht kunnen geven in welke rol zij spelen in pemphigus pathogenese. De 
restanten van desmosomale plaques in de interdigitaties zouden het resultaat kunnen 
zijn van ‘smeltende’ desmosomen, of de vorming  van nieuwe desmosomen kunnen 
weergeven, en een beter begrip van dit proces zou meer inzicht in pathogenese van 
acantholyse kunnen geven. De grote cytoplasmatische vesikels met dubbel membraan 
in de hogere huidlagen weerspiegelen een fascinerend en nog onbekend mechanisme 
van endocytose en is voer voor toekomstig onderzoek. Begrip van de exacte 
mechanismen die ten grondslag liggen aan de opeenvolgende gebeurtenissen van 
depletie van desmogleïnes en de vorming van interdigiterende structuren tussen 
buurcellen, zal van grote invloed zijn op de huidige kennis van de pathogenese van 
pemphigus.  
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Sažetak  

Pemfigus je autoimuna bulozna dermatoza kod koje dolazi do gubitka veza između ćelija 
u koži i/ili u epitelu sluznice uslijed prisustva cirkulirajućih antitijela protiv 
dezmozomalnih proteina. Gubitak veza izmedu ćelija dovodi do stvaranje 
intraepidermalnih šupljina što se klinički očituju u vidu bula. Dezmozomi su ćelijske veze 
koje povezuju citoskelete susjednih ćelija i na taj način osiguravaju čvrstoću i stabilitet 
tkiva. Dezmozomi su komponovani od transmembranoznih i citoplazmatskih proteina od 
koji su antigeni pemfigusnih autoantitijela dezmogleini 1 i 3. Dezmogleini su 
transmembranozni glikoproteini koji se sa svojim ekstraćelijskim dijelovima vežu za 
suprotne u ekstraćelijskom prostoru dezmozoma, a sa intraćelijskim dijelovima za ostale 
citoplazmatske proteine dezmozoma. Pemfigusna autoantitijela tipa IgG su usmjerena 
protiv ekstraćelijskih dijelova dezmogleina 1 i/ili 3. Postoje dvije glavne forme 
pemfigusa: pemfigus foliaceus (PF) i pemfigus vulgaris (PV). Antitijela protiv 
dezmogleina 1 kod PF pacijenata izazivaju stvaranje bula po koži. Razlikujemo dvije 
forme PV, blaža forma koja se odlikuje prisustvom autoantitijela protiv dezmogleina 3 i 
prisustvom bula samo po sluznicama i forma kod koje obje vrste autoantitijela izazivaju 
stvaranje bula i po koži i sluznicama.  

Pored stvaranja bula pemfigusna autoantitijela izazivaju poremećaj distribucije 
antigena, koji u koži i sluzokoži ovih pacijenata nemaju normalnu distribuciju duž 
ćelijskih membrana već grozdanu. Stvaranje bula se može izazvati u eksperimentalnim 
uslovima ako inkubiramo zdravu kožu sa serumom pemfigusnih pacijenata. Glavna tema 
ove disertacije je mehanizam nastanka bula izazvan pemfigusnim autoantitijelima i 
uloga redistribucije dezmogleina. 

U ovome radu koža i sluzokoža pemfigusnih pacijenata je izučavana, kao i promjene 
izazvane pemfigusnim autoantitijelima na eksperimentalnom pempfigusnom modelu 
primarnih kožnih ćelija. Korištene su različite mikrosopske metode koje uključuju 
savremeni oblik elektronske mikroskopije tzv. ‘’Nanotomiju’’ (od riječih nano i 
anatomija), korelativnu svjetlosnu i elektronsku mikroskopiju i konfokalnu mikroskopiju.  

U poglavlju 1B dat je pregled dosadašnjih članaka o neadhezivnim funkcijama 
dezmozomalnih proteina. Dezmozomalni proteini pored adhezije posjeduju ostale uloge 
kao što je uloga dezmogleina 1 u stratifikaciji epitela i uloga dezmogleina 3 u kontroli 
funkcije aktina. U poglavlju 2 koža i sluzokoža pacijenata je izučavana savremenom 
mikroskopskom metodom koja podsjeća na Google Earth aplikaciju. Kontrolni i 
pemfigusni preparati su dostupni putem (www.nanotomy.org). Opisane su nove 
ultramikrosopske promjene u oštećenim tkivima u vidu interdigitacija između ćelija. U 
poglavlju 3 koža pacijenata koji boluju od PF je izučavana korelativnom mikroskopijom i 
zaljučeno je da mjesta redistribucije pemfigusnih antigena vidljiva fluorescentnom 
mikroskopijom odgovaraju interdigitacijama između ćelija uočena elektronskom 
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mikroskopijom. Kod PF pacijenata je prisutna redukcija broja dezmogleina 1 u 
dezmozomima. U poglavlju 4 praćene su patološke promjene na primarnim ćelijama 
kože izazvane autoantitijelima iz seruma pacijenata koji su označeni fluorescentnom 
bojom. Fluorescentnom mikroskopijom opisana je linearna redistribucija antigena i 
ostalih dezmozomalnih proteina izazvana PV autoantitijelima. Na mjestima ovih 
specifičnih promjena elektronskom mikroskopijom zapažene su invaginacije između 
susjednih ćelija. Ove promjene na eksperimentalnom ćelijskom modelu podsjećaju na 
promjene u tkivima pemfigusnih pacijenata opisane u poglavlju 2 i 3. 

Ovaj rad podržava i opširuje takozvanu teoriju deplecije dezmogleina o mehanizmu 
nastanka bula kod pemfigusa. Naime, pemfigusna autoantitijela izazivaju depleciju 
antigena. Zbog manjka dezmogleina 1 i/ili 3 i odsustva ostalih kompenzirajućih formi 
dezmogleina dolazi do iščezavanja dezmozoma i stvaranja bula. Interdigitacije između 
ćelija u oštećenim tkivima pacijenata najvjerovatnije nastaju zbog bipolarnog karaktera 
autoantitijela. Budući rad treba da je usmjeren na objašnjenje preciznog mehanizma 
nastanka interdigitacija i njihove uloge u nastanku bula kod pemfigusa. 
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Pemphigus is a life-threatening autoimmune blistering 
disease caused by antibodies against proteins of 
desmosomes. Desmosomes are adhesion junctions that 
interconnect intermediate filament networks of neighboring 
cells. By targeting transmembrane proteins of desmosomes, 
desmoglein 1 (Dsg1) and desmoglein 3 (Dsg3), pemphigus 
autoantibodies induce their clustering and loss of cell-cell 
adhesion (acantholysis) in the epidermis of the skin and 
epithelium of the mucous membranes, which results in 
blistering. How pemphigus autoantibodies induce blisters is 
the main research question of this thesis. Skin and mucosa 
taken from pemphigus patients were analyzed using 
large scale electron microscopy, named ‘’nanotomy’’ and 
novel findings are described. The datasets are open source 
available at www.nanotomy.org. Pemphigus skin was further 
investigated using an overlay of light and electron microscopy 
showing that desmoglein clusters are interdigitations 
between cells in which the amount of Dsg1 in desmosomes 
is reduced. Lastly antibodies from pemphigus patients were 
applied to cultured human skin cells, revealing redistribution 
of the targeted desmogleins in specific patterns. This thesis 
suggests that loss of cell-cell adhesion in pemphigus occurs 
due to the depletion of the targeted desmogleins which 
then cannot be incorporated into the desmosomes. If other 
desmoglein isoform is not expressed, desmosomes will ‘melt’ 
away resulting in loss of cell-cell adhesion.
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