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Summary
Desmosomes interconnect epithelial cells together and are abundant in tissues constantly
challenged by shear forces. They are composed of different isoforms of intercellular adhesion
proteins which include desmogleins (Dsg) and desmocollins (Dsc). These proteins of
apposing cells interact in homophilic and heterophilic manner thereby conferring integrity to
the tissue. When this crucial role of desmosomes is compromised, several desmosomeassociated diseases such as pemphigus may occur. Pemphigus is a blistering disease of the
skin and oral mucosa. It is caused by anti-Dg3 and anti-Dsg1 autoantibodies that bind to the
extracellular domains of the desmogleins and perturb their interaction. There are different
phenotypes of the disease depending on the autoantibody profiles. Pemphigus vulgaris (PV) is
caused by autoantibodies (PV-IgG) targeting Dsg1 and Dsg3 whereas pemphigus foliaceus
(PF) is associated with autoantibodies against Dsg1 only. Pemphigus vulgaris is recognized as
two sub-types; i.e, the mucosal-dominant form (mdPV) caused by anti-Dsg3 autoantibodies
and the mucocutaneus (mcPV) variant caused by both anti-Dsg1 and anti-Dsg3
autoantibodies.
Several lines of evidence demonstrated that pemphigus is caused by disruption of Dsg
interaction when the autoantibodies are interposed between the interacting Dsg (steric
hindrance) and signaling triggered by autoantibody binding. It has been widely accepted that
different signaling pathways work in concert in the modulation of desmosome structure and
dynamics. p38 mitogen activated protein kinase (p38MAPK) has been extensively studied and
its phosphorylation was detected in cell cultures in response to PV-IgG binding as well as in
skin lesions of pemphigus patients. Pharmacological inactivation of this pathway attenuated
cell dissociation in cultures and blister formation in murine models. However, no data was
available with respect to the role of p38MAPK in blister formation in human skin and
mucosa.
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Therefore, we tested the dependency of blister formation and desmosome ultrastructural
alteration on p38MAPK signaling induced by PV-IgG in human skin and mucosa explant
cultures. Accordingly, we adapted the existing ex vivo skin model and also established a novel
ex vivo mucosa model, and employed histological, immune-histochemical as well as electron
microscopy analyses to determine the role of p38MAPK signaling in PV pathogenesis.
Human skin biopsies were treated with the mouse monoclonal Dsg3-specific antibodyAK23,
in comparison to antibody fractions from patients with mucocutaneous PV (mcPV-IgG) or
mucosal PV (mdPV-IgG). mcPV-IgG only were sufficient to induce blisters as well as
alterations in desmosome ultrastructure. In contrast, in human labial mucosa explants both
AK23 and mdPV-IgG were sufficient to induce blisters as well as alterations in desmosome
ultrastructure. Moreover, inhibition of p38MAPK using the specific inhibitor SB202190 was
effective to avert blister formation, rescue desmosome size and number as well as preserved
keratin filament association with desmosomal plaques in human skin. However, in the newly
established human ex vivo mucosa model, inhibition of p38MAPK with specific inhibitors
SB202190 and SB203580 was not effective to prevent these alterations. Taken together, our
data demonstrate that p38MAPK plays a key role in blister formation through modulation of
desmosome ultrastructure in human skin.

In contrast, blister formation and associated

ultrastructural changes of desmosomes in mucosa may depend on steric hindrance and other
signaling pathways independent of p38MAPK.

iv

1 Introduction
1.1 Epidermis and oral mucosa
1.1.1 Epidermis
The epidermis is the outermost layer of the skin which comprises of a self- renewing stratified
epithelium (Kanitakis, 2002) (Fig. 1). The predominant cell type of the epidermis is the
keratinocyte (Wickett and Visscher 2006). These cells synthesize structural proteins called
keratins which are the predominant structural protein of the epidermis (Rao et al., 2014).
These are eventually assembled into intermediate keratin filaments (Fuchs, 1995) as the cells
proceed towards terminal differentiation during their course across suprabasal layers
(Blanpain and Fuchs, 2006, Wang et al., 2016). Keratinocytes are tethered to one another by
various types of intercellular adhesion complexes (Simpson et al., 2011).
Keratinocytes differentiate and mature as they migrate through the suprabasal compartment,
and as a result exhibit morphological variations ranging from columnar or cuboidal basal cells
to the highly flattened cells of the stratum corneum (Blanpain and Fuchs, 2006; Arnette et al.,
2016). Accordingly, there are different strata of the epidermis which exhibit variations in
morphology and the type of keratins they express. The basal layer (stratum basale) is
constituted mainly by a single layer of columnar or cuboidal cells anchored to the underlying
basement membrane by hemidesmosomes. These represent the stem cells responsible for the
regeneration of the epidermis (Watt, 2002). The spinous cell layer (stratum spinosum) is
called so for its spiny appearance due to the presence of large number of desmosomes. It
consists of several cell layers. The granular layer (stratum granulosum) consists of cells
exhibiting characteristic dark-staining keratohyalin granules (Menon, 2002). The corneal layer
(stratum corneum) is formed by flattened ‘terminally-differentiated’ cells called corneocytes,
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devoid of nucleus and cytoplasmic organelles. These are dead cells which are eventually
sloughed off from the skin surface (Blanpain and Fuchs, 2006). In thick skins such as those in
the palm of hand and sole of foot, there is a subcorneal layer (stratum lucidum) in addition.
Keratinocytes offer various defensive functions by forming physical, functional, immunologic
or microbiological barriers (Menon, 2002; Proksch et al., 2008; Barnard and Li, 2017). In
addition, the skin plays a crucial role in sensory and body temperature regulation as well as in
vitamin D synthesis (Menon, 2002). To this end, it harbors epidermal appendages such as
sweat glands, sebaceous glands, and hair follicles (Meisel et al., 2018). When this epithelial
barrier function is compromised secondary to weak intercellular junctions, patients will
experience loss of water and electrolytes and could also be more susceptible to infections
(Moens and Veldhoen, 2012).
1.1.2 Oral mucosa
Compared to the epidermis, the oral mucosa is generally more permeable, structurally
intermediate between that of the epidermis and intestinal mucosa (Shakya et al., 2011). The
oral mucosa compromises stratified squamous epithelia (Fig. 1) which exhibits a spatial
structural and functional diversity (Collins and Dawes, 1987). It may regionally be identified
as sublingual, gingival, buccal or labial and palatal (Shakya et al., 2011) as well as
characterized morphologically as lining, masticatory or specialized mucosa (Squier, 1991).
The lining mucosa is a non-keratinized stratified squamous epithelium separated from the
underlying fat containing submucosa by a thin layer of loose connective tissue, the lamina
propria (Bierbaumer et al., 2018). It forms the lining of about 60% of the oral cavity (Collins
and Dawes, 1987) such as buccal, labial, and sublingual regions, whereas keratinized or
parakeratinized epithelia constitute the masticatory mucosa of the gingiva and hard palate
(Bierbaumer et al., 2018). The epithelial lining of the papillary region of the dorsum of
tongue is recognized as a specialized mucosa for it entertains the characteristic features of
2

both (Squier, 1991). These epithelial linings play diverse roles such as barrier, secretory or
absorptive functions. Bound to the apical cell surface of oral epithelium, is a thin film of
mucus which forms a protective layer to the underlying cells (Shakya et al., 2011).The
keratinized epithelia of the oral cavity share a lot of structural features with the epidermis
especially in their pattern of maturation (Squier, 1991) including stratification, keratin
expression as well as their terminal differentiation which results in cornified cell formation
(Presland and Dale, 2000; Presland and Jurevic, 2002). However, they exhibit remarkable
differences in histological features and in the type of differentiation markers they express
(Gibbs and Ponec, 2000). The epithelia of the oral cavity are less differentiated owing to the
rapid cellular turnover (Hashimoto et al., 1966) caused by mechanical stress imposed by
external factors (Donetti et al., 2005). This high rate of proliferation can be evidenced by the
presence of multiple viable cell layers and abundant Ki67 staining cells in the mucosa (Gibbs
and Ponec, 2000).

1.2 Desmosomes
Cell–cell attachment is a characteristic feature of multicellular organisms. This is crucial for
the integrity of normal epidermis (Garrod et al., 2002). It is mediated by a set of specialized
membrane structures which form intercellular adhesion complexes (Dusek et al., 2007).
Epithelial cells possess these junctional complexes which mainly consist of, from apical to
basal, a tight junction, adherens junction, and desmosome (Oda and Takeichi, 2011). The
desmosomes form the adhesive core of these intercellular junctions (Fig. 2). Gap junctions are
located below these junctional complexes and are involved in cellular communications by
regulating exchange of small molecules and ions (Herve and Derangeon, 2013). Adherens
junctions and desmosomes both consist of Ca2+ dependent cadherin molecules but differ in
the cytoskeletal components they are anchored to; namely, actins and keratins, respectively
(Troyanovsky et al., 1993; Harris and Tepass, 2010). Adherens junctions form a complete ring
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around a cell, hence the name zonula adherens, thereby defining epithelial cell polarity
(Harris, 2012).
The term desmosome stems from the Greek words “desmo,” which means bond and “soma,”
meaning body (Calkins and Setzer, 2007). Desmosomes form ‘‘spot welds,’’ referred to as
maculae adherentes, which make a strong intercellular tethering. They form robust adhesive
contacts between adjacent epithelial cells and confer tissue integrity when the epithelial sheet
encounters shear forces (Garrod and Chidgey, 2008; Price et al., 2018). They are mainly built
from three gene families: cadherins, armadillo proteins (plakoglobin, PG, and plakophilins,
PKP), and plakins (desmoplakin, DP) (Nekrasova and Green, 2013). The desmosomal
cadherins, so named for their dependency on Ca2+ for adhesion, mainly consist of
desmogleins (Dsg) and desmocollins (Dsc) (Garrod and Chidgey, 2008). These are
transmembrane proteins which mediate adhesion with adjacent cells through their
extracellular domains, and interact with PG and PKP through their cytoplasmic tails (Fig. 2
b). DP plugs the entire complex to keratin intermediate filaments (Kowalczyk et al., 1999;
Getsios et al., 2004) (Fig. 2a, b).
Different components of desmosomal proteins show a tissue-specific as well as a
stratification-dependent pattern of distribution across the layers of stratified epithelia, and also
dependent on differentiation status (Arnemann et al., 1993; Johnson et al., 2014). Humans
express different types of desmosomal cadherin isoforms; four Dsgs (Dsg1–4) and three Dscs
(Dsc1–3) as in the epidermis and oral cavity (Green and Simpson, 2007). Dsg2 and Dsc2 are
present in all desmosome bearing tissues and are thus expressed in the heart and simple
epithelia (Lowndes et al., 2014). In epidermis, Dsg3 and Dsc3 are expressed strongly in the
deepest layers whose staining progressively fades out as the cells transit out of the
proliferation zone, whereas Dsg2 is limited to the basal layer (Donetti et al., 2005; Mahoney
et al., 2006). Dsg1 is first expressed in the interface between the basal and suprabasal cells
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(Getsios et al., 2009), and together with Dsc1, shows an inverse distribution gradient with
Dsg3 and Dsc3 as the cells differentiate and stratify (Arnemann et al., 1993; Elias et al.,
2001). In mucosa, Dsg3 is the principal desmoglein present whereas Dsg1 is expressed at low
level (Shirakata et al., 1998).

Figure 1. Schematic representing histological location of cleft formation in pemphigus
vulgaris, and distribution of desmoglein isoforms in epidermis and mucosa. Dsg3 is strongly
expressed in basal epidermis and across all layers of mucosa. Dsg1 is expressed in suprabasal
and superficial layers in epidermis but its expression is minimal in mucosa. Anti-Dsg1 and 3
autoantibodies are the culprits in causing loss of adhesive contacts in pemphigus vulgaris.
Modified from Spindler and Waschke 2018.

5

Ultrastructurally, desmosomes show three morphologically distinct regions: the extracellular
core region (EC), the outer dense plaque (ODP), and the inner dense plaque (IDP) (North et
al., 1999) (Fig. 2 b). The ODP is composed of cytoplasmic tails of the Dsg and Dsc, as well as
the armadillo proteins, PG and PKP whereas the IDP mainly comprises DP (Delva et al.,
2009). A dense midline bisects the desmosomes interconnecting neighboring cells
corresponding to sites of trans-interactions between the extracellular adhesive domains of
opposing cadherins (Al-Amoudi et al., 2007) and this represents a Ca2+ independent
hyperadhesive desmosomes characteristic of normal epidermis (Garrod et al., 2005).

Figure 2. Desmosome ultrastructure. a) Electromicrograph of desmosomes showing
desmosomal plaques and associated keratin intermediate filaments; (b) schematic
representation of the various components of desmosomes with interacting extracellular
domains, ODP (outer dense plaque), IDP (inner dense plaque). Modified from (a) Waschke
2008 (b) Waschke and Spindler 2014.

Dsg and Dsc span the membrane and have an extracellular N-terminal domain (head) which
make cis and trans interactions with desmosomal cadherins of same or adjacent cells,
respectively (Al-Amoudi et al., 2007). Different homophilic (between similar) and
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heterophilic (between different) interactions among Dsg and Dsc have been reported in the
literature (Chitaev and Troyanovsky, 1997, Syed et al., 2002, Vielmuth et al., 2018a). The C
terminus resides within the ODP where it binds the armadillo proteins. Dsg and Dsc exhibit a
remarkable similarity, however differ mainly in their tail structure. Both contain four
extracellular cadherin repeats (EC 1-4) and an extracellular anchor (Garrod et al., 2002). The
latter is attached to a single transmembrane segment which in turn binds to the intercellular
anchor on the inner side. Dsc occurs in two isoforms, designated as Dsc-a and Dsc-b
representing long and short forms, respectively (Garrod and Chidgey, 2008). The latter lacks
the PG-binding intracellular segment region (Troyanovsky et al., 1993). Dsg possesses
extended cytoplasmic domains with subdomains. Inwards to the intercellular segment
successively, are a proline rich linker, a repeating unit domain whose repeats differ among the
isoforms, the glycine-rich desmoglein terminal domain being the deepest (Berika and Garrod,
2014)).

1.3 Desmosome-associated diseases
Several diseases are implicated when desmosomal functions are compromised producing
diverse disease phenotypes (Dusek et al., 2007; Waschke, 2008). Desmosomes are targets of
genetic, infectious and autoimmune diseases which result in a largely weakened cellular
cohesion leading to impaired functions (Broussard et al., 2015). These diseases result from
dysfunction or altered expression of some of the desmosomal protein components (Waschke,
2008). Mutations associated with obligate desmosomal proteins such as Dsg, Dsc or DP
(Getsios et al., 2004; Stahley and Kowalczyk, 2015) bring about debilitating conditions in the
respective tissues (Al-Jassar et al., 2013). For example, mutation of Dsg2 and Dsc2 of the
intercalated discs of the heart muscles causes arrhythmogenic right ventricular
cardiomyopathy (Bhuiyan et al., 2009). Similarly, mutations in Dsg1 and DP have been
shown to be associated with inherited inflammatory skin diseases such as severe allergies,
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multiple allergies and metabolic wasting syndrome (McAleer et al., 2015, Samuelov et al.,
2013).
Overexpression or down regulation of desmosomal proteins in epithelial cell carcinomas has
been reported by various researchers. But the exact role is not well known (Waschke, 2008;
Al-Jassaret al., 2013). On the other hand, infectious agents such as staphylococcus aureus are
known to produce exfoliative toxin which cleaves Dsg1 thereby inducing blisters as in bullus
impetigo and staphylococcal scalded skin disease locally or away from the infection site,
respectively (Amagai, 2010). The most extensively studied human autoimmune disease,
which is associated with desmosome dysfunction, is pemphigus (Kasperkiewicz et al., 2017).

1.4 Pemphigus
In the epidermis and oral mucosa, autoantibodies that target desmosomal proteins cause
pemphigus, a disease manifested by mucosal and skin lesions (Kasperkiewicz et al., 2017;
Schmidt et al., 2019). All lesions are histochemically characterized by binding of PV-IgG
autoantibodies to keratinocyte cell surface proteins (Amagai, 2010). Different pemphigus
phenotypes occur based on autoantibody profile, tissue specificity and histological location of
cleft formation (Amagai et al., 1999; Amagai and Stanley, 2012). The main types are
pemphigus vulgaris (PV) and Pemphigus foliaceus (PF) (Fig. 3).
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Figure 3. The major clinical phenotypes of pemphigus. A patient suffering from pemphigus
vulgaris (a) with mucosal involvement (b), and hematoxylene eosin staining showing
suprabasal cleft formation (c), a pemphigus foliaceus patient (d) with subcorneal histological
location of the lesion (e). Modified from Waschke 2008
1.4.1 Pemphigus vulgaris
Pemphigus vulgaris is caused by circulating autoantibodies which specifically engage the
extracellular adhesive domains of Dsg3 and Dsg1 in desmosomes (Pollmann et al., 2018)
(Fig. 1). It initially appears as erosions of oral mucosa with subsequent involvement of the
skin (Fig. 3 a, b), hence called mucocutaneous PV (mcPV), and as suprabasal clefting in
histological sections (Payne et al., 2004) (Fig. 3c). The mucosal subtype (mucosal dominant
PV, mdPV) involves mucous membranes only and is triggered by anti-Dsg3 autoantibodies
(Amagai et al., 1999) (Fig. 3b). Pemphigus foliaceus causes blistering in the superficial
epidermis where Dsg1 is highly expressed and Dsg3 is lacking (Fig. 3 d, e). Thus,
autoantibodies targeting Dsg1 presumably are responsible for the clinical phenotype
(Kitajima, 2013). Histological locations of clefting as well as tissue-specific manifestation of
the disease can be explained by what is widely known as ‘desmoglein compensation
hypothesis’ (Mahoney et al., 1999). In mucosa, since Dsg3 is the predominant desmosomal
protein and Dsg1 is present at a lower level in the suprabasal layers (Shirakata et al., 1998),
anti-Dsg3-autoantibodies are able to disrupt Dsg3 interaction where compensatory adhesion
by Dsg1 is lacking resulting in suprabasal blisters. This same mechanism has been proposed
to apply to the suprabasal blistering of the epidermis as well (Amagai et al., 1996). In PF,
anti-Dsg1-autoantibodies cause subcorneal blistering because Dsg3 is absent to compensate
for adhesive function at the superficial layers in the epidermis (Ding et al., 1997; Shirakata et
al., 1998) (Fig. 3e). The effect of PV-IgG on cell adhesion has been well characterized under
controlled conditions. Many laboratory studies have shown that PV-IgG causes Dsg3
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depletion from membranes in cultures and animal models as well as in human skin explants
(Aoyama and Kitajima, 1999; Shu et al., 2007; Yamamoto et al., 2007; Spindler et al., 2011;
Egu et al., 2017) indicating that blister formation and Dsg3 internalization are two
interconnected events leading to loss of cell adhesion (Jolly et al., 2010).
1.4.2 Pathomechanisms of pemphigus
The exact pathomechanism underlying loss of cell contacts of keratinocytes owing to
pemphigus autoantibodies is not fully unravelled. Among several hypotheses, however, it has
been widely accepted that steric hindrance and signaling as the most plausible mechanisms
that drive loss of adhesive contacts in keratinocytes resulting in acantholysis (Spindler et al.,
2018; Spindler and Waschke, 2018).
1.4.2.1 Role of steric hindrance
It is well known that epidermal blistering in PV patients is caused by autoantibodies directed
against the amino-terminal adhesive interface of Dsg3 exodomain (Amagai et al., 1992;
Tsunoda et al., 2003). IgGs from PV patients was sufficient to induce intraepidermal blisters
when injected to a mouse (Anhalt et al., 1982; Schulze et al., 2012) or into an ex vivo human
skin (Hu et al., 1978; Egu et al., 2017). To be more precise, the amino-terminal of the first
two cadherin repeats of the Dsg3 extracellular domain (EC1 and EC2) are the main targets to
which PV-IgG preferentially bind (Amagai et al., 1992; Ding et al., 1999; Sekiguchi et al.,
2001; Tsunoda et al., 2003; Di Zenzo et al., 2012). These cadherin residues, crucial for
adhesive interactions, predominantly contain those epitopes recognized by pemphigus
autoantibodies (Chan et al., 2010; Di Zenzo et al., 2012; Ohyama et al., 2012). However,
other studies have shown that a significant amount of PV-IgG bind to the Dsg membrane
proximal domains (Sekiguchi et al., 2001) which implies that these domains are also, at least
in part, involved in the disease (Amagai et al., 1992). Hence, a complete adsorption of the
entire extracellular domain from a pemphigus patient serum was required to abolish blister
10

formation (Amagai et al., 1992; Langenhan et al., 2014). Direct inhibition of desmoglein
interaction is, hence, caused by the interference of the autoantibodies through binding to the
extracellular domains of desmogleins (Stanley and Amagai, 2006)). Interestingly, direct
inhibition of Dsg interaction has been found for Dsg3 but not for Dsg1, and was detectable on
the surface of living keratinocytes (Waschke et al., 2005; Heupel et al., 2008; Vielmuth et al.,
2015).
1.4.2.2 Role of signaling
A large body of experimental data has shown that pharmacologic inhibition of signaling
pathways ameliorated intraepidermal cleft formation in vivo and cell dissociation in vitro
(Berkowitz et al., 2006; Waschke et al., 2006; Delva et al., 2008). It is believed that both
mechanisms are relevant but not necessarily independent events (Stahley and Kowalczyk,
2015), although signaling cascades may be activated downstream of antibody binding
(Getsios et al., 2010; Spindler and Waschke, 2018) or following loss of cell adhesion (Mao et
al., 2011). Some investigators assert that other factors such as clustering and endocytosis of
cell surface Dsg3 (Stahley et al., 2016) as well as autoantibody mediated perturbation of
desmosome assembly (Nekrasova and Green, 2013) in addition may synergistically
orchestrate blister formation (Kasperkiewicz et al., 2017).
Several cellular responses to autoantibody binding in pemphigus have been attributed to
different signaling pathways. These include, among others, groups of mammalian mitogenactivated protein kinases (MAPKs) such as p38MAPK and extracellular signal-regulated
kinases (ERK) as well as Rho GTPase, epidermal growth factor receptor (EGFR), Rous
sarcoma-related kinase (Src) and protein kinase C (PKC) (Esaki et al., 1995; Osada et al.,
1997; Sanchez-Carpintero et al., 2004; Berkowitz et al., 2005; Frusic-Zlotkin et al., 2006;
Waschke et al., 2006; Getsios et al., 2009; Jolly et al., 2010; Spindler et al., 2011; Espana et

11

al., 2013; Harmon et al., 2013; Walter et al., 2017; Kugelmann et al., 2019; Walter et al.,
2019,).
p38MAPK is one of the most extensively studied signaling molecule in pemphigus pathology.
It exists in different isoforms (α, β, γ, δ) displaying a species-specific expression pattern
(Jiang et al., 1996; Jiang et al., 1997; Cuenda and Rousseau, 2007). The α and β isoforms are
ubiquitously expressed across cell lines and tissues, the α subtype being the most common
isoform in adult tissues (Jiang et al., 1997; Cargnello and Roux, 2011). p38MAPK mediates
cellular responses triggered by inflammation or other environmental responses such as
chemicals, UV, and oxidative stress (Kim et al., 2008). Deletion of p38MAPK α has been
shown to reduce proinflammatory gene expression in epithelial cells which underscores its
role in inflammatory reactions (Kim et al., 2008). Interestingly, p38MAPK has been shown to
be activated secondary to PV-IgG binding (Berkowitz et al., 2005) and its phosphorylation
was detected in lesioned skin of PV patients (Berkowitz et al., 2008) and in keratinocyte cell
cultures treated with PV patient serum (Berkowitz et al., 2005, Kawasaki et al., 2006).
Furthermore, there is abundant evidence that PV-IgG-induced activation of p38MAPK
resulted in internalization of Dsg 3 (Jolly et al., 2010), and its subsequent depletion from
endosomes (Stahley et al., 2016), retraction of keratin intermediate filaments (Berkowitz et
al., 2005; Spindler et al., 2013; Vielmuth et al., 2018b) thereby perturbing the dynamics of
desmosome assembly (Mao et al., 2011). Interestingly, a drug-induced inhibition of this
molecule was sufficient to prevent all these PV-IgG-induced hallmark features of the disease.
As a result, p38MAKP has become the main focus of interest in pemphigus research among
the plethora of signaling molecules implicated in PV pathogenesis.
There are strata of protein kinase cascades functionally subordinate to p38MAPK whose
phosphorylation mediates the dynamics of their target gene expression (Kim et al., 2008). PVIgG-induced activation of p38MAPK has been shown to augment the phosphorylation of its
12

downstream targets such as mitogen-activated protein kinase 2 (MK2) in a dose-dependent
manner (Mao et al., 2014). MK2 regulates several cellular activities such as actin remodeling
(Kotlyarov et al., 2002), a process which is relevant to PV pathogenesis. The latter study
reported a significant reduction of p38MAPK levels in MK2-deficient mice asserting that
MK2 functions to maintain baseline p38MAPK protein levels. Specific inhibition of
p38MAPK was sufficient to prevent MK2 phosphorylation, its major downstream substrate
(Mao et al., 2014). Moreover, inhibition of MK2 has been shown to block PV-IgG-mediated
spontaneous blister formation in mice as well as loss of cell surface Dsg3 in human
keratinocytes (Mao et al., 2014).
In this study, we demonstrated that pharmacological inhibition of p38MAPK was sufficient to
avert intra-epithelial blister formation, attenuate reduction in the number and size of
desmosomes, and preserve keratin filament association with desmosomal plaque in human
skin (Egu et al., 2017). As a result, we speculate that blistering in PV is mediated by
p38MAPK through modulation of desmosome ultrastructure in human skin but not in mucosa.
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1.5 Aim of the study
The epidermis has been best characterized among stratified keratinizing epithelia for its
availability, ease to study and its versatility to be used in the investigation of various skin
related diseases (Presland and Dale, 2000). Most investigations involving the oral mucosa are
mainly focused on permeability studies primarily related to oral transmucosal delivery of
drugs (Squier, 1991; Shakya et al., 2011). Although many diseases which affect the skin such
as pemphigus vulgaris also involve the mucosa, few data are available to date related to
mucosal studies and only embrace animal models (Schulze et al., 2012). Therefore, ex vivo
mucosa model will be a useful approach because, similarly to skin studies, such experiments
utilize large samples, which is the major drawback in studies involving patient biopsies.
The importance of desmosomes in conferring integrity to tissues is best illustrated by the
various diseases that occur when this essential function is compromised which primarily
affects the barrier function resulting is loss of electrolytes and water as well as increased
susceptibility to infections. Desmosomes are targets for autoimmune diseases such as
pemphigus.
Studies investigating pemphigus pathogenesis have been going on for many decades and the
precise pathomechanism is not yet fully unraveled. The present study was aimed at adapting
the existing ex vivo skin model and establishing a novel ex vivo mucosa model to assess the
role of p38MAPK signaling in the acantholytic changes resulting from PV-IgG in humans.
This is required to understand the pathomechanism and shed light on possible signaling
targeted treatment options in the future. To this end, we employed electron microscope studies
to characterize ultrastructural changes in the context of p38MAPK signaling
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2 Results

2.1 Inhibition of p38MAPK signalling prevents epidermal blistering and
alterations of desmosome structure induced by pemphigus
autoantibodies in human epidermis.
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2.2 A new ex vivo human oral mucosa model reveals that p38MAPK
inhibition is not effective in preventing autoantibody-induced mucosal
blistering in pemphigus.
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2 Discussion
2.1 Mucocutaneous PV-IgG but not mucosal-dominant PV-IgG were
effective to induce blisters in ex vivo human skin
p38MAPK has been central in researches involving pemphigus pathogenesis. A large body of
experimental data has been generated regarding the role of p38MAPK signaling in mediating
blister formation and other hallmarks of pemphigus (Spindler et al., 2018, Spindler and
Waschke, 2018). Especially, pharmacological inhibition of this molecule was shown to avert
cell dissociation in vitro and blister formation in mouse models (Berkowitz et al., 2005;
2006). Skin biopsies from pemphigus patients have been studied mainly pertaining to layer
and tissue-specific binding of IgG from various PV phenotypes (Shimizu et al., 1995; Amagai
et al., 1996). Similarly PV-IgG-triggered ultrastructural changes in desmosomes have been
characterized using patient samples (Sokol et al., 2015; Stahley et al., 2016). However, no
sufficient data were available to explain the mechanisms orchestrating these ultrastructural
changes in human skin. To this end, we used human skin biopsies obtained from body donors
to evaluate the p38MAPK dependency of blister formation and other hallmarks after
treatment of healthy skin samples with IgG purified from pemphigus patient serum.
From histological analysis, only those skin samples treated with mcPV-IgG developed blisters
but not those treated with either mdPV-IgG or AK23 (Egu et al., 2017). This is expected
because only IgG containing both anti-Dsg3 and anti-Dsg1 autoantibodies are sufficient to
induce suprabasal blisters which recapitulated the situation in PV patients. Although AK23
was potent enough to induce blisters in mouse skin (Spindler et al., 2013), it necessitated the
application of exfoliative toxin together with AK23 to effect blister in human skin explants
(Saito et al., 2012).
On the other hand, immunostaining of PV-IgG-treated samples showed a fragmented staining
pattern of Dsg3 along the blister floor and roof compared to the smooth pattern in controls
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which indicates that Dsg3 in desmosomes were depleted owing to PV-IgG binding (Aoyama
et al., 1999; Saito et al., 2012).

2.2 Inhibition of p38MAPK prevented blister formation in epidermis
In our study, inhibition of p38MAPK using SB202190 was sufficient to avert PV-IgGinduced blister formation in skin explants similar to other studies in murine models
(Berkowitz et al., 2008; Saito et al., 2012) and rescued Dsg3 depletion from membranes in ex
vivo human skin cultures (Egu et al., 2017). This highlights the essential role of p38MAPK as
a key regulator in bister formation in human skin.

2.3 p38MAPK inhibition preserved desmosome ultrastructure in skin
Our ultrastructural analysis shows that alterations in desmosomal structure which are
ultrastructural hallmarks characteristic of pemphigus, including shortening and splitting up of
desmosomes as well as alterations in keratin association with desmosomal plaques, have been
reproduced in our model. Accordingly both desmosome number and size have been
significantly reduced in PV-IgG-treated samples, and this was sufficiently prevented in those
pretreated with the inhibitor SB202190. Although AK23 was able to cause a significant
reduction in desmosome size but not number, no blisters developed in the respective samples.
It means that blister formation which was evident in histological sections in samples treated
with mcPV-IgG corresponded with reduction in desmosome number but not desmosome size
in ultrastructural evaluation (Egu et al., 2017). This is in agreement with a study in which
ultrastructural analysis of lesioned pemphigus patients’ skin asserted that blister formation
was correlated to loss of desmosomes (van der Wier et al., 2012; Sokol et al., 2015).
Moreover, we observed a progressive reduction in size, splitting up and absence of
desmosomes in the vicinity of blisters, which implies that decrease in desmosome size may be
among the initial episodes leading to loss of desmosomes and eventually resulting in
acantholysis (van der Wier et al., 2012). Although split desmosomes, intercellular widening
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and keratin filament dis-association from desmosomes were evident in both mcPV-IgG- and
AK23-injected skin samples, it occurred to a lower extent in the latter. Tissue and cell specific
response to autoantibodies present in pemphigus patient serum was demonstrated by a study
in which mdPV-IgG, when injected to a neonatal mouse, showed no pathogenicity whereas
mcPV-IgG was pathogenic (Ding et al., 1997). Therefore, the absence of blister in skin
samples injected with AK23 may be understood in terms of species as well as

tissue

specificity in autoimmune response (Ding et al., 1997) or compensatory role of Dsg1
counteracting the dys-cohesive effects impacted by anti-Dsg3 autoantibodies (Mahoney et al.,
1999) or varying cellular responses to monoclonal vs polyclonal antibodies (Saito et al.,
2012).
After incubation, we applied mechanical shear force (Nikolsky positive) to the samples to
reproduce similar shear stress encountered by the patients’ skin because this was correlated
with activation of p38MAPK signaling events (Mao et al., 2011). Interestingly, specific
inhibition of p38MAPK blunted reduction in desmosome number and size as well as
preserved keratin association with desmosomal plaque in both PV-IgG- and AK23-treated
samples (Egu et al., 2017). We also observed intercellular widening associated with reduced
and/or split desmosomes in the interface of adjacent basal cells as well as in that of basal and
suprabasal cells, marking the initial pathological events leading to acantholysis as suggested
occurring in PF (van der Wier et al., 2012) and PV (Takahashi et al., 1985; Diercks et al.,
2009) although intercellular widening has been suggested not been a pre-requisite for
acantholysis (Sokol et al., 2015). Split desmosomes were recognized at the edge of blisters
(Shimizu et al., 2002; 2004; Wang et al., 2009; van der Wier et al., 2012; Sokol et al., 2015;
Stahley et al., 2016) using electron microscopy and SIM. However, there are divergent
opinions on the mechanism of their occurrence. Some postulate that splitting of desmosomes
occurs when PV-IgG autoantibodies are interposed between interacting desmogleins thereby
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weakening adhesion (steric hindrance), followed by shear forces (Shimizu et al., 2002; 2004;
Wang et al., 2009; Stahley et al., 2016) or outside-in-signaling (Diercks et al., 2009). In in
vivo experiments in neonatal mouse, it has been shown that desmosomes split up before they
are eventually internalized (Takahashi et al., 1985). This has been suggested to be an initial
step leading to acantholysis (Takahashi et al., 1985; Wang et al., 2009) although this
argument has been challenged (Aoyama et al., 2010). In our study, however, split
desmosomes were significantly reduced in size which may indicate that desmosomal
components were depleted in this process, which highlights the involvement of signaling
mechanisms (Spindler and Waschke, 2018) that may alter the dynamics of desmosome
assembly and disassembly (Stahley et al., 2016).

2.4 p38MAPK inhibition ameliorated PV-IgG-dependent keratin filament
dissociation from desmosomal plaques
In our study, a gradient of plaque density was evident in the vicinity of blisters depending on
the degree of acantholysis. In addition, retraction of keratins from the plaques was observed
similarly to other studies (Takahashi et al., 1985; Wang et al., 2009). The relevance of keratin
filaments in cell adhesion was demonstrated by the studies in which absence of keratins has
been linked to impaired adhesive function associated with altered desmosome morphology
(Kroger et al., 2013; Bar et al., 2014). Recent works with keratin-deficient cells pinpointed
that keratins are crucial in regulating intercellular adhesion through stabilizing desmosomes
fine tuned by signaling (Loschke et al., 2015; Vielmuth et al., 2018b). Earlier studies revealed
that keratins unplug from desmosomes in response to PV-IgG binding in a mechanism
dependent on p38MAPK activity (Berkowitz et al., 2005). Moreover, inhibition of p38MAPK
abrogated keratin granule formation and dissolution, which represents the disassembly of the
keratin filament network (Woll et al., 2007). In light of this, in our ex vivo model, preservation
of keratin association via inactivation of p38MAPK pathway underscores the crucial role of
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keratin filaments in p38MAPK-dependent stabilization of desmosomal contacts (Egu et al.,
2017).

2.5 Mucosal-dominant PV-IgG and AK23 were effective in inducing blisters
in ex vivo human oral mucosa
It has been recently hypothesized that different autoantibody profiles determine the specific
clinical phenotype in pemphigus consequently triggering specific signaling pathways (Walter
et al., 2017). Besides, since mcPV also involves the mucous membranes mainly associated
with the oral cavity, we tested the role of p38MAPK in ex vivo mucosa model which was in
principle similar to the skin model we used to investigate a similar role in human epidermal
explant culture (Egu et al., 2017). As a result, it necessitated establishment of an ex vivo
human oral mucosa model. Viability tests using MTT and TUNEL assays yielded positive
results qualifying the tissues for the intended study. In addition, expression of desmosomal
proteins in human oral mucosa matched previous reports in the literature using
immunostaining and quantitative PCR (Shirakata et al., 1998; Teh et al., 2011). Accordingly,
our data confirmed Dsg3 to be the predominant isoform of the desmosomal cadherins
expressed across the entire epithelial layers in oral mucosa, whereas Dsg1 expression was
minimal and absent in the basal layer (Egu et al., 2020). Histological examination revealed
that samples injected with mdPV-IgG or AK23 developed suprabasal blisters characteristics
of mdPV patients (Kasperkiewicz et al., 2017; Pollmann et al., 2018). In contrast, in our skin
model mdPV-IgG and AK23 were not sufficient to cause blistering signifying the pathogenic
role of anti-Dsg1 autoantibody in deep epidermal and mucosal layer blister formation
(Mahoney et al., 1999).

2.6 Inhibition of p38MAPK was not effective to block blister formation in
oral mucosa.
In contrast to the epidermis, inhibition of p38MAPK was not effective to blunt the
acantholytic effect of both mdPV-IgG and AK23, in which anti-Dsg3 but not anti-Dsg1
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autoantibodies were present. Then we tested whether MK2, a major downstream effector of
p38MAPK, was activated in response to AK23 activity and whether this activation could be
inhibited as well. This yielded a positive result similarly to previous reports in which
activation of MK2 was detected in lesional skin of pemphigus patients (Mao et al., 2014). In
our present study, however, this inactivation of p38MAPK was not paralleled by abrogation
of blistering induced by AK23 which is in agreement with a previous finding in which AK23
was used in combination with exfoliative toxin (Saito et al., 2012). This data demonstrate that
the p38MAPK inhibitor used in this study was effective to inhibit autoantibody-induced
activation of p38MAPK in mucosa. However, inhibition of this signaling pathway was not
sufficient to blunt blistering in mucosa indicating that its relevance for blistering is different
for mucosa compared to epidermis (Egu et al., 2020).

2.7 Inhibition of p38MAPK did not preserve desmosome ultrastructure in
oral mucosa
In our ultrastructural analyses of mucosa samples, we observed a significant reduction in size
and number of desmosomes similarly to other ultrastructural studies in oral mucosa of
pemphigus patients (Sokol et al., 2015; Stahley et al., 2016). Because inhibition of p38MAPK
was sufficient to block blistering and rescue desmosome ultrastructure in human skin
explants, we assumed p38MAPK would play a similar role in desmosome regulation in
mucosa. However, unlike in the epidermis, p38MAPK inactivation, which was confirmed by
Western blot analysis, didn’t avert decrease in desmosome number and size in human labial
mucosa explants (Egu et al., 2020).
It has been proposed that p38MAPK is activated in response to disruption of cell contacts
caused by PV-IgG in Nikolsky positive skin, and thereby resulting in depletion of
desmosomal proteins (Mao et al., 2011). Thus, it can be understood why inhibition of
p38MAPK did only attenuate the increased skin fragility but didn’t block blister formation
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(Mao et al., 2011) which reflects the situation in our mucosa model. Besides, inactivation of
p38MAPK did not prevent blistering induced by AK23 as well similar to other studies (Saito
et al., 2012). On the other hand, the oral cavity is exposed to an incessant environmental stress
including moisture, chemicals, heat and abrasion (Presland and Jurevic, 2002) which
necessitates a rapid healing process (Hashimoto et al., 1966). As a result, oral epithelial cells
have a faster turnover (Donetti et al., 2005) leading to the formation of less differentiated
organelles (Hashimoto et al., 1966). In line of this, we observed small desmosomes lacking a
dense mid-line, characteristic of mature desmosomes, in the basal and suprabasal layers of
labial mucosa which might have contributed to increased tissue fragility. Furthermore, a
previous ultrastructural study of healthy human buccal mucosa showed less number of keratin
filaments along with reduced desmosome size in the basal keratinocytes as compared to the
skin (Hashimoto et al., 1966). Reports from studies of mouse skin also correlated loss of
keratin filaments with a largely reduced size and number of desmosomes (Bar et al., 2014),
which highlights the essential role of keratins in maintaining intercellular adhesion and
desmosome integrity (Vielmuth et al., 2018b). Moreover, Dsg1 is expressed at a lower degree
in oral mucosa whereas it is the major desmoglein isoform in the superficial epidermis. In the
latter, Dsg1 was detectable in desmosomes tethering the basal and suprabasal cells where the
cells enter into a differentiation phase which highlights the essential role of Dsg1 in
promoting keratinocyte differentiation (Getsios et al., 2009). In another study, ectopic
expression of desmoglein in keratinocyte cell cultures rescued defective differentiation caused
by UVB (Johnson et al., 2014). Therefore, absence of Dsg1 in mucosal keratinocytes may
limit the potential of the cells to differentiate and may impair the recovery of the cells after
PV-IgG-induced desmosome dysfunction. Taken together, the unique nature of the
composition of desmosomal proteins in mucosa, the tissue and layer specific properties of
signal modulation, and the high turnover rate of the cells might have contributed to the failure
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of the mucosa cells to withstand the PV-IgG-induced loss of adhesion after p38MAPK
inhibition unlike in epidermis (Egu et al., 2020).
We can hereby speculate that PV-IgG autoantibody binding to desmogleins by direct
inhibition of Dsg3 interaction perturbs the interconnection between desmosomes of adjacent
cells eventually causing cell dissociation (Fig. 4). Autoantibody binding triggers p38MAPK
activation which augments the pathogenesis by further activating downstream cascades
thereby causing disturbance of desmosome assembly and disassembly dynamics, ultimately

Figure 4. Schematic showing possible pathomechanisms in pemphigus. The underlying
pathomechanism appears to be different for epidermis and mucosa. While p38MAPK
signaling predominates in epidermis (designated by a thick arrow), steric hindrance
(represented by a thin arrow) and other downstream signaling events independent of
p38MAPK may orchestrate the processes leading to mucosal acantholysis.
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resulting in Dsg3 depletion and endocytosis (Fig. 4). Inhibition of p38MAPK effectively
rescues loss of cell cohesion in skin but this is not effective in mucosa due to tissue fragility
caused by high cell turnover as well as absence of Dsg1 to promote cell adhesion.
In summary, the use of ex vivo models is of paramount importance since it allows assessing
the role of various signaling molecules under controlled conditions. Besides, larger specimens
could be utilized in these models which would solve the problem related to harvesting a
sizable sample from patient biopsies. However, ex vivo studies in mucosa are mainly limited
to permeability studies regarding drug absorption aimed at identifying most efficient route of
drug administration (Caon and Simoes, 2011, Squier, 1991). To this end, we successfully
established a novel mucosa ex vivo model which will be helpful for further investigation not
only of pemphigus pathogenensis but also other mucosa related-diseases.

In conclusion, since cellular responses to the various signaling molecules differ among tissues
and between species, it appears to be highly invaluable to evaluate the different signaling
pathways and test the potency of the respective inhibitors, characterized in cell cultures and
mouse models, in human skin and mucosa as a subsequent step in the development of an
innovative and effective therapeutics to pemphigus. In view of this, p38MAPK, being a key
regulator in pemphigus pathogenesis, could be one potential therapeutic signaling target as
evidenced by its specific inhibition which rescued desmosomes and preserved the
desmososome-keratin filament association in our ex vivo skin.

40

3 References
Al-Amoudi A, Diez DC, Betts MJ, Frangakis AS. The molecular architecture of cadherins in
native epidermal desmosomes. Nature 2007;450(7171):832-7.
Al-Jassar C, Bikker H, Overduin M, Chidgey M. Mechanistic basis of desmosome-targeted
diseases. Journal of molecular biology 2013;425(21):4006-22.
Amagai M, Stanley JR. Desmoglein as a target in skin disease and beyond. The Journal of
investigative dermatology 2012;132(3 Pt 2):776-84.
Amagai M. Autoimmune and infectious skin diseases that target desmogleins. Proceedings of
the Japan Academy Series B, Physical and biological sciences 2010;86(5):524-37.
Amagai M, Tsunoda K, Zillikens D, Nagai T, Nishikawa T. The clinical phenotype of pemphigus
is defined by the anti-desmoglein autoantibody profile. J Am Acad Dermatol
1999;40(2 Pt 1):167-70.
Amagai M, Koch PJ, Nishikawa T, Stanley JR. Pemphigus vulgaris antigen (desmoglein 3) is
localized in the lower epidermis, the site of blister formation in patients. The Journal
of investigative dermatology 1996;106(2):351-5.
Amagai M, Karpati S, Prussick R, Klaus-Kovtun V, Stanley JR. Autoantibodies against the
amino-terminal cadherin-like binding domain of pemphigus vulgaris antigen are
pathogenic. The Journal of clinical investigation 1992;90(3):919-26.
Anhalt GJ, Labib RS, Voorhees JJ, Beals TF, Diaz LA. Induction of pemphigus in neonatal mice
by passive transfer of IgG from patients with the disease. N Engl J Med
1982;306(20):1189-96.
Aoyama Y, Nagai M, Kitajima Y. Binding of pemphigus vulgaris IgG to antigens in desmosome
core domains excludes immune complexes rather than directly splitting
desmosomes. The British journal of dermatology 2010;162(5):1049-55.
Aoyama Y, Kitajima Y. Pemphigus vulgaris-IgG causes a rapid depletion of desmoglein 3
(Dsg3) from the Triton X-100 soluble pools, leading to the formation of Dsg3depleted desmosomes in a human squamous carcinoma cell line, DJM-1 cells. The
Journal of investigative dermatology 1999;112(1):67-71.
Aoyama Y, Owada MK, Kitajima Y. A pathogenic autoantibody, pemphigus vulgaris-IgG,
induces phosphorylation of desmoglein 3, and its dissociation from plakoglobin in
cultured keratinocytes. European journal of immunology 1999;29(7):2233-40.
Arnemann J, Sullivan KH, Magee AI, King IA, Buxton RS. Stratification-related expression of
isoforms of the desmosomal cadherins in human epidermis. Journal of cell science
1993;104 ( Pt 3):741-50.
Arnette C, Koetsier JL, Hoover P, Getsios S, Green KJ. In Vitro Model of the Epidermis:
Connecting Protein Function to 3D Structure. Methods in enzymology 2016;569:287308.
Bar J, Kumar V, Roth W, Schwarz N, Richter M, Leube RE, et al. Skin fragility and impaired
desmosomal adhesion in mice lacking all keratins. The Journal of investigative
dermatology 2014;134(4):1012-22.
Barnard E, Li H. Shaping of cutaneous function by encounters with commensals. J Physiol
2017;595(2):437-50.
Berika M, Garrod D. Desmosomal adhesion in vivo. Cell communication & adhesion
2014;21(1):65-75.

41

Berkowitz P, Diaz LA, Hall RP, Rubenstein DS. Induction of p38MAPK and HSP27
phosphorylation in pemphigus patient skin. The Journal of investigative dermatology
2008;128(3):738-40.
Berkowitz P, Hu P, Warren S, Liu Z, Diaz LA, Rubenstein DS. p38MAPK inhibition prevents
disease in pemphigus vulgaris mice. Proceedings of the National Academy of Sciences
of the United States of America 2006;103(34):12855-60.
Berkowitz P, Hu P, Liu Z, Diaz LA, Enghild JJ, Chua MP, et al. Desmosome signaling. Inhibition
of p38MAPK prevents pemphigus vulgaris IgG-induced cytoskeleton reorganization.
The Journal of biological chemistry 2005;280(25):23778-84.
Bhuiyan ZA, Jongbloed JD, van der Smagt J, Lombardi PM, Wiesfeld AC, Nelen M, et al.
Desmoglein-2 and desmocollin-2 mutations in dutch arrhythmogenic right ventricular
dysplasia/cardiomypathy patients: results from a multicenter study. Circulation
Cardiovascular genetics 2009;2(5):418-27.
Bierbaumer L, Schwarze UY, Gruber R, Neuhaus W. Cell culture models of oral mucosal
barriers: A review with a focus on applications, culture conditions and barrier
properties. Tissue barriers 2018;6(3):1479568.
Blanpain C, Fuchs E. Epidermal stem cells of the skin. Annual review of cell and
developmental biology 2006;22:339-73.
Broussard JA, Getsios S, Green KJ. Desmosome regulation and signaling in disease. Cell Tissue
Res 2015;360(3):501-12.
Calkins CC, Setzer SV. Spotting Desmosomes: The First 100 Years. The Journal of investigative
dermatology 2007;127 Suppl 3:E2-3.
Caon T, Simoes CM. Effect of freezing and type of mucosa on ex vivo drug permeability
parameters. AAPS PharmSciTech 2011;12(2):587-92.
Cargnello M, Roux PP. Activation and function of the MAPKs and their substrates, the MAPKactivated protein kinases. Microbiology and molecular biology reviews : MMBR
2011;75(1):50-83.
Chan PT, Ohyama B, Nishifuji K, Yoshida K, Ishii K, Hashimoto T, et al. Immune response
towards the amino-terminus of desmoglein 1 prevails across different activity stages
in nonendemic pemphigus foliaceus. The British journal of dermatology
2010;162(6):1242-50.
Chitaev NA, Troyanovsky SM. Direct Ca2+-dependent heterophilic interaction between
desmosomal cadherins, desmoglein and desmocollin, contributes to cell-cell
adhesion. The Journal of cell biology 1997;138(1):193-201.
Collins LM, Dawes C. The surface area of the adult human mouth and thickness of the
salivary film covering the teeth and oral mucosa. Journal of dental research
1987;66(8):1300-2.
Cuenda A, Rousseau S. p38 MAP-kinases pathway regulation, function and role in human
diseases. Biochim Biophys Acta 2007;1773(8):1358-75.
Delva E, Tucker DK, Kowalczyk AP. The desmosome. Cold Spring Harbor perspectives in
biology 2009;1(2):a002543.
Delva E, Jennings JM, Calkins CC, Kottke MD, Faundez V, Kowalczyk AP. Pemphigus vulgaris
IgG-induced desmoglein-3 endocytosis and desmosomal disassembly are mediated
by a clathrin- and dynamin-independent mechanism. The Journal of biological
chemistry 2008;283(26):18303-13.
Di Zenzo G, Di Lullo G, Corti D, Calabresi V, Sinistro A, Vanzetta F, et al. Pemphigus
autoantibodies generated through somatic mutations target the desmoglein-3 cisinterface. The Journal of clinical investigation 2012;122(10):3781-90.
42

Diercks GF, Pas HH, Jonkman MF. The ultrastructure of acantholysis in pemphigus vulgaris.
The British journal of dermatology 2009;160(2):460-1.
Ding X, Diaz LA, Fairley JA, Giudice GJ, Liu Z. The anti-desmoglein 1 autoantibodies in
pemphigus vulgaris sera are pathogenic. The Journal of investigative dermatology
1999;112(5):739-43.
Ding X, Aoki V, Mascaro JM, Jr., Lopez-Swiderski A, Diaz LA, Fairley JA. Mucosal and
mucocutaneous (generalized) pemphigus vulgaris show distinct autoantibody
profiles. The Journal of investigative dermatology 1997;109(4):592-6.
Donetti E, Bedoni M, Boschini E, Dellavia C, Barajon I, Gagliano N. Desmocollin 1 and
desmoglein 1 expression in human epidermis and keratinizing oral mucosa: a
comparative immunohistochemical and molecular study. Archives of dermatological
research 2005;297(1):31-8.
Dusek RL, Godsel LM, Green KJ. Discriminating roles of desmosomal cadherins: beyond
desmosomal adhesion. Journal of dermatological science 2007;45(1):7-21.
Egu DT, Walter E, Spindler V, Waschke J. Inhibition of p38MAPK signalling prevents
epidermal blistering and alterations of desmosome structure induced by pemphigus
autoantibodies in human epidermis. The British journal of dermatology
2017;177(6):1612-8.
Egu DT, Sigmund AM, Schmidt E, Spindler V, Walter E, Waschke J. A new ex vivo human oral
mucosa model reveals that p38MAPK inhibition is not effective in preventing
autoantibody-induced mucosal blistering in pemphigus. The British journal of
dermatology 2020;182(4):987‐994.
Elias PM, Matsuyoshi N, Wu H, Lin C, Wang ZH, Brown BE, et al. Desmoglein isoform
distribution affects stratum corneum structure and function. The Journal of cell
biology 2001;153(2):243-9.
Esaki C, Seishima M, Yamada T, Osada K, Kitajima Y. Pharmacologic evidence for involvement
of phospholipase C in pemphigus IgG-induced inositol 1,4,5-trisphosphate
generation, intracellular calcium increase, and plasminogen activator secretion in
DJM-1 cells, a squamous cell carcinoma line. The Journal of investigative dermatology
1995;105(3):329-33.
Espana A, Modol T, Gil MP, Lopez-Zabalza MJ. Neural nitric oxide synthase participates in
pemphigus vulgaris acantholysis through upregulation of Rous sarcoma, mammalian
target of rapamycin and focal adhesion kinase. Exp Dermatol 2013;22(2):125-30.
Frusic-Zlotkin M, Raichenberg D, Wang X, David M, Michel B, Milner Y. Apoptotic mechanism
in pemphigus autoimmunoglobulins-induced acantholysis--possible involvement of
the EGF receptor. Autoimmunity 2006;39(7):563-75.
Fuchs E. Keratins and the skin. Annual review of cell and developmental biology
1995;11:123-53.
Garrod D, Chidgey M. Desmosome structure, composition and function. Biochim Biophys
Acta 2008;1778(3):572-87.
Garrod DR, Berika MY, Bardsley WF, Holmes D, Tabernero L. Hyper-adhesion in
desmosomes: its regulation in wound healing and possible relationship to cadherin
crystal structure. Journal of cell science 2005;118(Pt 24):5743-54.
Garrod DR, Merritt AJ, Nie Z. Desmosomal cadherins. Current opinion in cell biology
2002;14(5):537-45.
Getsios S, Huen AC, Green KJ. Working out the strength and flexibility of desmosomes. Nat
Rev Mol Cell Biol 2004;5(4):271-81.
43

Getsios S, Waschke J, Borradori L, Hertl M, Muller EJ. From cell signaling to novel therapeutic
concepts: international pemphigus meeting on advances in pemphigus research and
therapy. The Journal of investigative dermatology 2010;130(7):1764-8.
Getsios S, Simpson CL, Kojima S, Harmon R, Sheu LJ, Dusek RL, et al. Desmoglein 1dependent suppression of EGFR signaling promotes epidermal differentiation and
morphogenesis. The Journal of cell biology 2009;185(7):1243-58.
Gibbs S, Ponec M. Intrinsic regulation of differentiation markers in human epidermis, hard
palate and buccal mucosa. Archives of oral biology 2000;45(2):149-58.
Green KJ, Simpson CL. Desmosomes: new perspectives on a classic. The Journal of
investigative dermatology 2007;127(11):2499-515.
Harmon RM, Simpson CL, Johnson JL, Koetsier JL, Dubash AD, Najor NA, et al. Desmoglein1/Erbin interaction suppresses ERK activation to support epidermal differentiation.
The Journal of clinical investigation 2013;123(4):1556-70.
Harris TJ. An introduction to adherens junctions: from molecular mechanisms to tissue
development and disease. Sub-cellular biochemistry 2012;60:1-5.
Harris TJ, Tepass U. Adherens junctions: from molecules to morphogenesis. Nat Rev Mol Cell
Biol 2010;11(7):502-14.
Hashimoto K, DiBella RJ, Shklar G. Electron microscopic studies of the normal human buccal
mucosa. The Journal of investigative dermatology 1966;47(6):512-25.
Herve JC, Derangeon M. Gap-junction-mediated cell-to-cell communication. Cell Tissue Res
2013;352(1):21-31.
Heupel WM, Zillikens D, Drenckhahn D, Waschke J. Pemphigus vulgaris IgG directly inhibit
desmoglein 3-mediated transinteraction. J Immunol 2008;181(3):1825-34.
Hu CH, Michel B, Schiltz JR. Epidermal acantholysis induced in vitro by pemphigus
autoantibody. An ultrastructural study. The American journal of pathology
1978;90(2):345-62.
Jiang Y, Gram H, Zhao M, New L, Gu J, Feng L, et al. Characterization of the structure and
function of the fourth member of p38 group mitogen-activated protein kinases,
p38delta. The Journal of biological chemistry 1997;272(48):30122-8.
Jiang Y, Chen C, Li Z, Guo W, Gegner JA, Lin S, et al. Characterization of the structure and
function of a new mitogen-activated protein kinase (p38beta). The Journal of
biological chemistry 1996;271(30):17920-6.
Johnson JL, Najor NA, Green KJ. Desmosomes: regulators of cellular signaling and adhesion in
epidermal health and disease. Cold Spring Harbor perspectives in medicine
2014;4(11):a015297.
Jolly PS, Berkowitz P, Bektas M, Lee HE, Chua M, Diaz LA, et al. p38MAPK signaling and
desmoglein-3 internalization are linked events in pemphigus acantholysis. The
Journal of biological chemistry 2010;285(12):8936-41.
Kanitakis J. Anatomy, histology and immunohistochemistry of normal human skin. Eur J
Dermatol 2002;12(4):390-9; quiz 400-1.
Kasperkiewicz M, Ellebrecht CT, Takahashi H, Yamagami J, Zillikens D, Payne AS, et al.
Pemphigus. Nat Rev Dis Primers 2017;3:17026.
Kawasaki H, Tsunoda K, Hata T, Ishii K, Yamada T, Amagai M. Synergistic pathogenic effects
of combined mouse monoclonal anti-desmoglein 3 IgG antibodies on pemphigus
vulgaris blister formation. The Journal of investigative dermatology
2006;126(12):2621-30.

44

Kim C, Sano Y, Todorova K, Carlson BA, Arpa L, Celada A, et al. The kinase p38 alpha serves
cell type-specific inflammatory functions in skin injury and coordinates pro- and antiinflammatory gene expression. Nature immunology 2008;9(9):1019-27.
Kitajima Y. New insights into desmosome regulation and pemphigus blistering as a
desmosome-remodeling disease. The Kaohsiung journal of medical sciences
2013;29(1):1-13.
Kotlyarov A, Yannoni Y, Fritz S, Laass K, Telliez JB, Pitman D, et al. Distinct cellular functions
of MK2. Molecular and cellular biology 2002;22(13):4827-35.
Kowalczyk AP, Bornslaeger EA, Norvell SM, Palka HL, Green KJ. Desmosomes: intercellular
adhesive junctions specialized for attachment of intermediate filaments.
International review of cytology 1999;185:237-302.
Kroger C, Loschke F, Schwarz N, Windoffer R, Leube RE, Magin TM. Keratins control
intercellular adhesion involving PKC-alpha-mediated desmoplakin phosphorylation.
The Journal of cell biology 2013;201(5):681-92.
Kugelmann D, Rotzer V, Walter E, Egu DT, Fuchs MT, Vielmuth F, et al. Role of Src and
Cortactin in Pemphigus Skin Blistering. Front Immunol 2019;10:626.
Langenhan J, Dworschak J, Saschenbrecker S, Komorowski L, Schlumberger W, Stocker W, et
al. Specific immunoadsorption of pathogenic autoantibodies in pemphigus requires
the entire ectodomains of desmogleins. Exp Dermatol 2014;23(4):253-9.
Loschke F, Homberg M, Magin TM. Keratin Isotypes Control Desmosome Stability and
Dynamics through PKCalpha. The Journal of investigative dermatology 2015.
Lowndes M, Rakshit S, Shafraz O, Borghi N, Harmon RM, Green KJ, et al. Different roles of
cadherins in the assembly and structural integrity of the desmosome complex.
Journal of cell science 2014;127(Pt 10):2339-50.
Mahoney MG, Hu Y, Brennan D, Bazzi H, Christiano AM, Wahl JK, 3rd. Delineation of
diversified desmoglein distribution in stratified squamous epithelia: implications in
diseases. Exp Dermatol 2006;15(2):101-9.
Mahoney MG, Wang ZH, Stanley JR. Pemphigus vulgaris and pemphigus foliaceus antibodies
are pathogenic in plasminogen activator knockout mice. The Journal of investigative
dermatology 1999;113(1):22-5.
Mao X, Li H, Sano Y, Gaestel M, Mo Park J, Payne AS. MAPKAP kinase 2 (MK2)-dependent
and -independent models of blister formation in pemphigus vulgaris. The Journal of
investigative dermatology 2014;134(1):68-76.
Mao X, Sano Y, Park JM, Payne AS. p38 MAPK activation is downstream of the loss of
intercellular adhesion in pemphigus vulgaris. The Journal of biological chemistry
2011;286(2):1283-91.
McAleer MA, Pohler E, Smith FJ, Wilson NJ, Cole C, MacGowan S, et al. Severe dermatitis,
multiple allergies, and metabolic wasting syndrome caused by a novel mutation in
the N-terminal plakin domain of desmoplakin. J Allergy Clin Immunol
2015;136(5):1268-76.
Meisel JS, Sfyroera G, Bartow-McKenney C, Gimblet C, Bugayev J, Horwinski J, et al.
Commensal microbiota modulate gene expression in the skin. Microbiome
2018;6(1):20.
Menon GK. New insights into skin structure: scratching the surface. Advanced drug delivery
reviews 2002;54 Suppl 1:S3-17.
Moens E, Veldhoen M. Epithelial barrier biology: good fences make good neighbours.
Immunology 2012;135(1):1-8.
45

Nekrasova O, Green KJ. Desmosome assembly and dynamics. Trends in cell biology
2013;23(11):537-46.
North AJ, Bardsley WG, Hyam J, Bornslaeger EA, Cordingley HC, Trinnaman B, et al.
Molecular map of the desmosomal plaque. Journal of cell science 1999;112 ( Pt
23):4325-36.
Oda H, Takeichi M. Evolution: structural and functional diversity of cadherin at the adherens
junction. The Journal of cell biology 2011;193(7):1137-46.
Ohyama B, Nishifuji K, Chan PT, Kawaguchi A, Yamashita T, Ishii N, et al. Epitope spreading is
rarely found in pemphigus vulgaris by large-scale longitudinal study using desmoglein
2-based swapped molecules. The Journal of investigative dermatology
2012;132(4):1158-68.
Osada K, Seishima M, Kitajima Y. Pemphigus IgG activates and translocates protein kinase C
from the cytosol to the particulate/cytoskeleton fractions in human keratinocytes.
The Journal of investigative dermatology 1997;108(4):482-7.
Payne AS, Hanakawa Y, Amagai M, Stanley JR. Desmosomes and disease: pemphigus and
bullous impetigo. Current opinion in cell biology 2004;16(5):536-43.
Pollmann R, Schmidt T, Eming R, Hertl M. Pemphigus: a Comprehensive Review on
Pathogenesis, Clinical Presentation and Novel Therapeutic Approaches. Clinical
reviews in allergy & immunology 2018;54(1):1-25.
Presland RB, Jurevic RJ. Making sense of the epithelial barrier: what molecular biology and
genetics tell us about the functions of oral mucosal and epidermal tissues. Journal of
dental education 2002;66(4):564-74.
Presland RB, Dale BA. Epithelial structural proteins of the skin and oral cavity: function in
health and disease. Critical reviews in oral biology and medicine : an official
publication of the American Association of Oral Biologists 2000;11(4):383-408.
Price AJ, Cost AL, Ungewiss H, Waschke J, Dunn AR, Grashoff C. Mechanical loading of
desmosomes depends on the magnitude and orientation of external stress. Nature
communications 2018;9(1):5284.
Proksch E, Brandner JM, Jensen JM. The skin: an indispensable barrier. Exp Dermatol
2008;17(12):1063-72.
Rao RS, Patil S, Ganavi BS. Oral cytokeratins in health and disease. The journal of
contemporary dental practice 2014;15(1):127-36.
Saito M, Stahley SN, Caughman CY, Mao X, Tucker DK, Payne AS, et al. Signaling dependent
and independent mechanisms in pemphigus vulgaris blister formation. PloS one
2012;7(12):e50696.
Samuelov L, Sarig O, Harmon RM, Rapaport D, Ishida-Yamamoto A, Isakov O, et al.
Desmoglein 1 deficiency results in severe dermatitis, multiple allergies and metabolic
wasting. Nature genetics 2013;45(10):1244-8.
Sanchez-Carpintero I, Espana A, Pelacho B, Lopez Moratalla N, Rubenstein DS, Diaz LA, et al.
In vivo blockade of pemphigus vulgaris acantholysis by inhibition of intracellular
signal transduction cascades. The British journal of dermatology 2004;151(3):565-70.
Schmidt E, Kasperkiewicz M, Joly P. Pemphigus. Lancet 2019;394(10201):882-94.
Schulze K, Galichet A, Sayar BS, Scothern A, Howald D, Zymann H, et al. An adult passive
transfer mouse model to study desmoglein 3 signaling in pemphigus vulgaris. The
Journal of investigative dermatology 2012;132(2):346-55.
Sekiguchi M, Futei Y, Fujii Y, Iwasaki T, Nishikawa T, Amagai M. Dominant autoimmune
epitopes recognized by pemphigus antibodies map to the N-terminal adhesive region
of desmogleins. J Immunol 2001;167(9):5439-48.
46

Shakya P, Madhav NV, Shakya AK, Singh K. Palatal mucosa as a route for systemic drug
delivery: A review. Journal of controlled release : official journal of the Controlled
Release Society 2011;151(1):2-9.
Shimizu A, Ishiko A, Ota T, Tsunoda K, Amagai M, Nishikawa T. IgG binds to desmoglein 3 in
desmosomes and causes a desmosomal split without keratin retraction in a
pemphigus mouse model. The Journal of investigative dermatology
2004;122(5):1145-53.
Shimizu A, Ishiko A, Ota T, Tsunoda K, Koyasu S, Amagai M, et al. Ultrastructural changes in
mice actively producing antibodies to desmoglein 3 parallel those in patients with
pemphigus vulgaris. Archives of dermatological research 2002;294(7):318-23.
Shimizu H, Masunaga T, Ishiko A, Kikuchi A, Hashimoto T, Nishikawa T. Pemphigus vulgaris
and pemphigus foliaceus sera show an inversely graded binding pattern to
extracellular regions of desmosomes in different layers of human epidermis. The
Journal of investigative dermatology 1995;105(2):153-9.
Shirakata Y, Amagai M, Hanakawa Y, Nishikawa T, Hashimoto K. Lack of mucosal involvement
in pemphigus foliaceus may be due to low expression of desmoglein 1. The Journal of
investigative dermatology 1998;110(1):76-8.
Shu E, Yamamoto Y, Aoyama Y, Kitajima Y. Intraperitoneal injection of pemphigus vulgarisIgG into mouse depletes epidermal keratinocytes of desmoglein 3 associated with
generation of acantholysis. Archives of dermatological research 2007;299(3):165-7.
Simpson CL, Patel DM, Green KJ. Deconstructing the skin: cytoarchitectural determinants of
epidermal morphogenesis. Nat Rev Mol Cell Biol 2011;12(9):565-80.
Sokol E, Kramer D, Diercks GF, Kuipers J, Jonkman MF, Pas HH, et al. Large-Scale Electron
Microscopy Maps of Patient Skin and Mucosa Provide Insight into Pathogenesis of
Blistering Diseases. The Journal of investigative dermatology 2015;135(7):1763-70.
Spindler V, Eming R, Schmidt E, Amagai M, Grando S, Jonkman MF, et al. Mechanisms
Causing Loss of Keratinocyte Cohesion in Pemphigus. The Journal of investigative
dermatology 2018;138(1):32-7.
Spindler V, Waschke J. Pemphigus-A Disease of Desmosome Dysfunction Caused by Multiple
Mechanisms. Front Immunol 2018;9:136.
Spindler V, Rotzer V, Dehner C, Kempf B, Gliem M, Radeva M, et al. Peptide-mediated
desmoglein 3 crosslinking prevents pemphigus vulgaris autoantibody-induced skin
blistering. The Journal of clinical investigation 2013;123(2):800-11.
Spindler V, Endlich A, Hartlieb E, Vielmuth F, Schmidt E, Waschke J. The extent of desmoglein
3 depletion in pemphigus vulgaris is dependent on Ca(2+)-induced differentiation: a
role in suprabasal epidermal skin splitting? The American journal of pathology
2011;179(4):1905-16.
Squier CA. The permeability of oral mucosa. Critical reviews in oral biology and medicine : an
official publication of the American Association of Oral Biologists 1991;2(1):13-32.
Stahley SN, Warren MF, Feldman RJ, Swerlick RA, Mattheyses AL, Kowalczyk AP. SuperResolution Microscopy Reveals Altered Desmosomal Protein Organization in Tissue
from Patients with Pemphigus Vulgaris. Journal of cell science 2016;136(1):59-66.
Stahley SN, Kowalczyk AP. Desmosomes in acquired disease. Cell Tissue Res
2015;360(3):439-56.
Stanley JR, Amagai M. Pemphigus, bullous impetigo, and the staphylococcal scalded-skin
syndrome. N Engl J Med 2006;355(17):1800-10.
Syed SE, Trinnaman B, Martin S, Major S, Hutchinson J, Magee AI. Molecular interactions
between desmosomal cadherins. The Biochemical journal 2002;362(Pt 2):317-27.
47

Takahashi Y, Patel HP, Labib RS, Diaz LA, Anhalt GJ. Experimentally induced pemphigus
vulgaris in neonatal BALB/c mice: a time-course study of clinical, immunologic,
ultrastructural, and cytochemical changes. The Journal of investigative dermatology
1985;84(1):41-6.
Teh MT, Parkinson EK, Thurlow JK, Liu F, Fortune F, Wan H. A molecular study of
desmosomes identifies a desmoglein isoform switch in head and neck squamous cell
carcinoma. Journal of oral pathology & medicine : official publication of the
International Association of Oral Pathologists and the American Academy of Oral
Pathology 2011;40(1):67-76.
Troyanovsky SM, Eshkind LG, Troyanovsky RB, Leube RE, Franke WW. Contributions of
cytoplasmic domains of desmosomal cadherins to desmosome assembly and
intermediate filament anchorage. Cell 1993;72(4):561-74.
Tsunoda K, Ota T, Aoki M, Yamada T, Nagai T, Nakagawa T, et al. Induction of pemphigus
phenotype by a mouse monoclonal antibody against the amino-terminal adhesive
interface of desmoglein 3. J Immunol 2003;170(4):2170-8.
van der Wier G, Jonkman MF, Pas HH, Diercks GF. Ultrastructure of acantholysis in
pemphigus foliaceus re-examined from the current perspective. The British journal of
dermatology 2012;167(6):1265-71.
Vielmuth F, Spindler V, Waschke J. Atomic Force Microscopy Provides New Mechanistic
Insights into the Pathogenesis of Pemphigus. Front Immunol 2018a;9:485.
Vielmuth F, Wanuske MT, Radeva MY, Hiermaier M, Kugelmann D, Walter E, et al. Keratins
Regulate the Adhesive Properties of Desmosomal Cadherins through Signaling. The
Journal of investigative dermatology 2018b;138(1):121-31.
Vielmuth F, Waschke J, Spindler V. Loss of Desmoglein Binding Is Not Sufficient for
Keratinocyte Dissociation in Pemphigus. The Journal of investigative dermatology
2015;135(12):3068-77.
Walter E, Vielmuth F, Wanuske MT, Seifert M, Pollmann R, Eming R, et al. Role of Dsg1- and
Dsg3-Mediated Signaling in Pemphigus Autoantibody-Induced Loss of Keratinocyte
Cohesion. Front Immunol 2019;10:1128.
Walter E, Vielmuth F, Rotkopf L, Sardy M, Horvath ON, Goebeler M, et al. Different signaling
patterns contribute to loss of keratinocyte cohesion dependent on autoantibody
profile in pemphigus. Sci Rep 2017;7(1):3579.
Wang F, Zieman A, Coulombe PA. Skin Keratins. Methods in enzymology 2016;568:303-50.
Wang W, Amagai M, Ishiko A. Desmosome splitting is a primary ultrastructural change in the
acantholysis of pemphigus. Journal of dermatological science 2009;54(1):59-61.
Waschke J, Spindler V. Desmosomes and extradesmosomal adhesive signaling contacts in
pemphigus. Med Res Rev. 2014;34(6):1127‐1145. doi:10.1002/med.21310
Waschke J. The desmosome and pemphigus. Histochemistry and cell biology 2008;130(1):2154.
Waschke J, Spindler V, Bruggeman P, Zillikens D, Schmidt G, Drenckhahn D. Inhibition of Rho
A activity causes pemphigus skin blistering. The Journal of cell biology
2006;175(5):721-7.
Waschke J, Bruggeman P, Baumgartner W, Zillikens D, Drenckhahn D. Pemphigus foliaceus
IgG causes dissociation of desmoglein 1-containing junctions without blocking
desmoglein 1 transinteraction. The Journal of clinical investigation
2005;115(11):3157-65.
Watt FM. The stem cell compartment in human interfollicular epidermis. Journal of
dermatological science 2002;28(3):173-80.
48

Wickett RR, Visscher MO. Structure and function of the epidermal barrier. American journal
of infection control 1996; 34: 98-110
Woll S, Windoffer R, Leube RE. p38 MAPK-dependent shaping of the keratin cytoskeleton in
cultured cells. The Journal of cell biology 2007;177(5):795-807.
Yamamoto Y, Aoyama Y, Shu E, Tsunoda K, Amagai M, Kitajima Y. Anti-desmoglein 3 (Dsg3)
monoclonal antibodies deplete desmosomes of Dsg3 and differ in their Dsg3depleting activities related to pathogenicity. The Journal of biological chemistry
2007;282(24):17866-76.

49

4 Annex
4.1 Abbreviations
Ca2+

calcium ion

mm

millimeter

Dsc

desmocollin

MAPK

mitogen-activated protein

Dsg

desmoglein

DP

desmoplakin

DMEM

Dulbecco’s modified eagle

kinase

M

Molar [g/mol]

mcPV

mucocutaneous pemphigus
vulgaris

medium
EGFR

mdPV

epidermal growth factor

mucosal dominant pemphigus
vulgaris

receptor
min

minutes

Immunosorbent Assay

nm

nanometer

EC

extracellular

PV

pemphigus vulgaris

h

hour

PF

pemphigus foliaceus

IF

immunofluorescence

Pg

plakoglobin

Cy3

Indocarbocyanin 3

Pkp

plakophilin

IgG

immunoglobulin

Pkc

protein kinase C

µl

microliter

SEM

standard error of the mean

µm

micrometer

Src

rous sarcoma kinase

µg

microgram

TEM

transmission electron

µM

micromolar

ELISA

Enzyme-linked

microscope

U
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