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The severe autoimmune blistering disease Pemphigus vulgaris (PV) is mainly caused by
autoantibodies (IgG) against desmoglein (Dsg) 3 and Dsg1. The mechanisms leading to
the development of blisters are not fully understood, but intracellular signaling seems to
play an important role. Sheddases ADAM10 and ADAM17 are involved in the turnover of
the desmosomal cadherin Dsg2 and ADAM10 has been shown to contribute to
acantholysis in a murine pemphigus model. In the present study, we further examined
the role of ADAM10 and ADAM17 both in keratinocyte adhesion and in the pathogenesis
of PV. First, we found that inhibition of ADAM10 enhanced adhesion of primary human
keratinocytes but not of immortalized keratinocytes. In dissociation assays, inhibition of
ADAM10 shifted keratinocyte adhesion towards a hyperadhesive state. However, ADAM
inhibition did neither modulate protein levels of Dsg1 and Dsg3 nor activation of EGFR at
Y1068 and Y845. In primary human keratinocytes, inhibition of ADAM10, but not
ADAM17, reduced loss of cell adhesion and fragmentation of Dsg1 and Dsg3
immunostaining in response to a PV1-IgG from a mucocutaneous PV patient. Similarly,
inhibition of ADAM10 in dissociation assay decreased fragmentation of primary
keratinocytes induced by a monoclonal antibody against Dsg3 and by PV-IgG from two
other patients both suffering from mucosal PV. However, such protective effect was not
observed in both cultured cells and ex vivo disease models, when another
mucocutaneous PV4-IgG containing more Dsg1 autoantibodies was used. Taken
together, ADAM10 modulates both hyperadhesion and PV-IgG-induced loss of cell
adhesion dependent on the autoantibody profile.

Keywords: a disintegrin and metalloproteinase 10 (ADAM10), a disintegrin and metalloproteinase 17 (ADAM17), cell
cohesion, desmoglein 3 (Dsg3), hyperadhesion, pemphigus vulgaris (PV)
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INTRODUCTION

Pemphigus vulgaris (PV) is an autoimmune dermatosis
characterized by intraepithelial blistering in the skin and
mucous membranes (1, 2). The pathogenic autoantibodies
causing loss of keratinocyte cohesion are mainly directed against
the desmosomal cadherins desmoglein 3 (Dsg3) and desmoglein 1
(Dsg1) (3, 4). In general, anti-Dsg3 autoantibodies lead to a
mucosal phenotype characterized by blisters in mucous
membranes only whereas in mucocutaneous PV additional anti-
Dsg1 antibodies induce blistering in the skin also (5).

Beside direct inhibition of the interaction of demosomal
cadherins, the antibody binding has been shown to trigger
intercellular signaling pathways, which indirectly result in loss
of desmoglein-mediated interaction and thus intraepidermal
blistering. Kinases such as p38MAPK, PLC, ERK, and Src are
activated by autoantibody binding and contribute to alterations
of the keratin cytoskeleton and desmoglein internalization (6–
15). Nevertheless, the exact mechanisms causing blisters are not
fully understood, yet.

Membrane-anchored sheddases such as the a disintegrin and
metalloprotease (ADAM) 10 and ADAM17, reside at cell-cell
contacts and are involved in cell-adhesion, in addition to their
proteolytic activity (16, 17), while their role is not entirely clear.
ADAM10 and ADAM17 are well characterized metalloproteases
and have a wide variety of functions, including cell-migration,
fertilization, neural homeostasis and neurodegenerative diseases
such as Alzheimer’s disease. They also play a role in the
dysfunction of immune system and cancer (18–22), and in
many developmental processes such as neurogenesis,
angiogenesis and heart development (17). Deletion of
ADAM10 and ADAM17 in mice is lethal in embryos (17).
Both ADAMs cleave a broad spectrum of substrates such as
cytokines and their receptors, growth factors, and cell adhesion
molecules (17, 23, 24). Further, ADAM10 was shown to cleave
various cadherins, such as N-cadherin, VE-cadherin and E-
cadherin, as well as desmoglein 2 (Dsg2), which is also a
substrate of ADAM17 (17, 24). In this context, there is
evidence that both ADAM10 and E-cadherin are involved in
the pathogenesis of eczematous inflammatory disorders and
autoimmune dermatosis psoriasis (25–28). ADAMs are also
involved in shedding of BP180 (180-kd bullous pemphigoid
antigen) and therefore contribute to supradermal blister
formation in bullous pemphigoid (29). ADAM10 has also been
linked to acantholysis in a murine pemphigus mouse model (30),
although the mechanism is not fully understood. In this study,
we demonstrate for the first time a protective role of inhibition of
ADAM10 in PV-IgG induced loss of intercellular adhesion in
cultured human keratinocytes in vitro. However, the effect of
ADAM10 appeared to depend on the antibody profile, because
Abbreviations: ADAM10, a disintegrin and metalloproteinase domain-containing
protein 10; ADAM17, a disintegrin and metalloproteinase 17; AK23, monoclonal
Dsg3 autoantibody; BP180, 180-kd bullous pemphigoid antigen; Dsg1, desmoglein
1; Dsg3, desmoglein 3; EGFR, epidermal growth factor receptor; IgG,
immunoglobulin; PF, pemphigus foliaceus; PV, pemphigus vulgaris; PV-IgG,
autoantibodies from pemphigus vulgaris patients; c-IgG, autoantibody-control
from healthy people.
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ADAM10 inhibition was not protective in both the cell culture
and ex vivo pemphigus skin models, when a PV-IgG from a
different patient (PV4-IgG), containing high levels of anti-Dsg1
autoantibodies was used.
RESULTS

Inhibition of ADAM10 Strengthened Cell-
Adhesion in Primary Human Keratinocytes
Since molecules related to metalloproteinases such as ADAM5,
ADAM10, ADAM15 and ADAM17, can affect cell adhesion (8)
and ADAM10 and ADAM17 are involved in the turnover of Dsg2
(17, 24, 31), we investigated the effects of ADAM10 and ADAM17
on intercellular adhesion of keratinocytes using specific inhibitors.
First, we performed dispase-based dissociation assays to analyze
the intercellular adhesion of immortalized murine (MEK) and
human (HaCaT) as well as primary human (NHEK) epidermal
keratinocytes (Figures 1A, B). Inhibition of ADAM17 by Tapi-1
for 24 h showed no significant effect in all cell types. Treatment of
MEK and HaCaT cells with ADAM10 inhibitor GI254023X
showed no difference in cell sheet fragmentation, either. In
contrast, GI254023X significantly strengthened cell adhesion in
primary human NHEK cells under basal conditions (Figure 1B).

ADAMs were shown to regulate shedding of Dsg2 (31, 32)
which is almost absent in healthy adult human skin (33, 34).
Thus, desmosomal adhesion in the skin is maintained by
desmosomal cadherins other than Dsg2. Therefore, we
speculated that ADAMs might also regulate adhesion of the
pemphigus antigens Dsg1 and Dsg3. Further, besides the release
of cell adhesion, ADAM10 is a main sheddase of EGF and
ADAMs have a critical role in releasing EGFR ligands. Since
inhibition of ADAM10 under basal conditions in NHEK cells
showed a stabilizing effect, we tested whether inhibition of
ADAMs changed protein levels of Dsg1 and Dsg3 or the
activation status of EGFR on Tyrosine (Tyr) 1068 and the Src-
dependent phosphorylation side Tyr845 would change in
response to inhibition of ADAMs. Thus, we performed
Western blotting experiments following incubation with both
ADAM inhibitors, Tapi-1 and GI254023X for 30 min, 90 min
and 24 h (Figure 1C), which did affect neither protein levels of
Dsg1 and Dsg3 nor activation of EGFR (Figure 1D).
Immunostaining revealed no changes in Dsg3 and Dsg1
localization after incubation with both ADAM inhibitors at the
respective time points, neither at cell borders nor in the
cytoplasm (Figure 1E).

ADAM10 Inhibition Shifted Keratinocyte
Adhesion Towards a Hyperadhesive State
The skin is exposed to high mechanical stress, and its strong
intercellular adhesion is mediated by desmosomes (3, 35–37). In
the mature epidermis most of the desmosomes were
characterized as hyperadhesive (38–41). Hyperadhesion is
thought to be a strong adhesive state in which desmosomes
become independent of Ca2+, and is important for strong cell
adhesion and resistance to high mechanical stress (41).
June 2022 | Volume 13 | Article 884248
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Keratinocytes acquire a hyperadhesive state at a distinct time
point of maturation (38). Because ADAM10 inhibition enhanced
cell cohesion in NHEK cells cultured under basal conditions, we
performed a dispase-based dissociation assay to test
hyperadhesive conditions in human primary epithelial
keratinocytes (Figure 1F). After incubation with or without the
ADAM10-inhibitor GI254023X for 24 h, cells were detached by
dispase, subjected to the Ca2+chelator EGTA for 90 min and
subsequently exposed to defined mechanical stress. In this
dissociation assay, GI254023X significantly reduced the loss of
Frontiers in Immunology | www.frontiersin.org 3
cell cohesion (Figure 1G), indicating that ADAM10 regulates
cell adhesion and contributes to hyperadhesion.

ADAM10 Inhibition Ameliorated Loss of
Cell Adhesion Induced by the Dsg3-
Specific Autoantibody AK23 and by PV-
IgG Containing Less Anti-Dsg1
Autoantibodies In Vitro
Furthermore, we investigated whether inhibition of ADAMs also
play a role in human keratinocyte models for pemphigus, a
A B

D

E F

G

C

FIGURE 1 | ADAM10 inhibition improved cell adhesion in primary keratinocytes and induces hyperadhesion. (A) Dispase-based keratinocyte dissociation assays
were performed by applying shear stress on epidermal monolayers. Images show the fragmentation of cell monolayers for three different epithelial keratinocyte cell
types with or without inhibition of ADAM10 (GI254023X) and ADAM17 (Tapi-1) for 24 h. (B) Quantification of the dissociation assay for MEK cells and HaCaT cells
showed no significant difference between control conditions (vehicle), and the incubation with ADAM10-inhibitor (p > 0.99), whereas in NHEK cells, inhibition of
ADAM10 by GI254023X reduced cell sheet fragmentation significantly (*p = 0.001). In contrast, there was no effect of inhibition of ADAM17 in all cell types (p > 0.99)
(n≥7). Western blot analysis (C) and its quantification (D) showed no significant difference in total protein amount of Dsg1 and Dsg3. GAPDH was used as a loading
control. There was no significant activation of EGFR at Tyr845 and Tyr1068 in comparison to the total amount of EGFR (n = 4). (E) Immunostaining for the
desmosomal proteins Dsg1 and Dsg3 showed no remarkable difference, due to the inhibition of ADAM10 (GI254023X) and ADAM17 (Tapi-1) compared to the
respective control condition (vehicle). (F) Hyperadhesion dissociation assays in NHEK were performed. Inhibition of ADAM10 enhanced cell adhesion after incubation
with the Ca2+chelator EGTA. (G) Quantification of hyperadhesion dissociation assay showed a significant reduction of cell sheet fragments after inhibition of ADAM10
(#p < 0.0001; n = 6).
June 2022 | Volume 13 | Article 884248

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Kugelmann et al. Role of ADAMs in Pemphigus Vulgaris
blistering disease in which autoantibodies mainly against Dsg1
and Dsg3 lead to a loss of cell adhesion. Therefore, we examined
cell cohesion in NHEK after incubation with PV-IgG from a PV
patient (designated PV1-IgG) for 24 h in comparison to control
IgG (c-IgG) from healthy volunteers (Figure 2A). Co-treatment
with GI254023X significantly diminished cell sheet
fragmentation whereas ADAM17 inhibition did not
(Figures 2A, B). To investigate the effects of ADAM inhibition
on PV1-IgG treatment with respect to desmosome organization,
we performed immunostaining against Dsg3 and Dsg1 in NHEK
cells (Figure 2C). Under control conditions with or without
ADAM10- and ADAM17-inhibition, Dsg3 and Dsg1 revealed a
linear, continuous staining along cell borders. PV1-IgG induced
fragmentation and reduced membrane staining of Dsg3 and
Dsg1, which was referred to as Dsg depletion (42–45). In line
with the dissociation assay, inhibition of ADAM10, but not
ADAM17, ameliorated PV1-IgG-induced Dsg reorganization at
cell-cell borders. To test whether the protective effect of
ADAM10 inhibition depends on the amount of autoantibodies
targeting Dsg3, we performed dissociation assays with AK23, a
pathogenic monoclonal Dsg3 autoantibody derived from a
pemphigus mouse model (46). Indeed, co-treatment with
GI254032X for 24 h significantly diminished AK23-induced loss
of adhesion (Figures 2D, E). Next, we exposed keratinocytes to
two mucosal PV-IgG fractions (designated PV2-IgG and PV3-
IgG) containing none anti-Dsg1 autoantibodies (cut off value: 20
U/ml) with or without GI254023X. Interestingly, cell monolayer
fragmentation after a dispase-based assay was significantly
ameliorated by co-incubation with the ADAM10 inhibitor in
comparison to the respective PV-IgG alone (Figures 2F, G).

ADAM10 Inhibition Was Not Effective to
Stabilize Cell Adhesion After Treatment
With a PV-IgG With High Level of Dsg1
and Dsg3 Antibodies In Vitro and Ex Vivo
It is known that each pemphigus patient has a distinct
autoantibody profile, which leads to different intracellular
signaling pattern (15, 30). Given that PV1-IgG contained more
than 200 U/ml of anti-Dsg3-antibodies but only 59 U/ml of anti-
Dsg1 autoantibodies, and PV2-IgG and PV3-IgG were from
patient with mucosal PV, we repeated the dissociation assay
with a PV-IgG from another mucocutaneous PV patient
(designated PV4-IgG). PV4-IgG contained a higher level of
antibodies against Dsg1 (167.9 U/ml) and a comparable level
of autoantibodies against Dsg3 (185.8 U/ml). However, there was
no significant reduction of fragments by co-incubation with
ADAM10 inhibitor in dissociation assays compared to PV4-
IgG alone (Figures 2H, I).

To substantiate that ADAM10 inhibition is not effective to
preserve cell adhesion against PV-IgG including a high level of
autoantibodies against Dsg1 in intact human skin, we used the
human ex vivo skin model (Figures 2J, K). As reported
previously, we injected PV4-IgG to induce pemphigus typical
acantholysis in human skin (15, 47, 48). Samples were incubated
for 24 h and subsequently subjected to mechanical stress. HE-
stained sections revealed blister formation after treatment for
Frontiers in Immunology | www.frontiersin.org 4
24 h with PV4-IgG alone. ADAM10 inhibitor did not prevent
PV4-IgG-induced intraepidermal blistering in human skin ex
vivo (Figures 2J, K). Taken together, the involvement of
ADAM10 in PV pathogenesis seems to be dependent on the
patient and autoantibody profile.
DISCUSSION AND PERSPECTIVES

We addressed the role of the sheddases ADAM10 and ADAM17
in both keratinocyte adhesion and loss of cell adhesion in
pemphigus in human keratinocytes. The results indicated that
an inhibition of ADAM10 increases cell adhesion in primary
human keratinocytes. ADAM10 was shown to cleave Dsg2 and
thereby regulate Dsg2 turnover (18, 31, 32). Moreover, ADAM10
inhibition was shown to be protective in a murine pemphigus
model when antibodies against Dsg1 and Dsg3, but not Dsc3,
were present in the patient sera (30).

Given that Dsg2 is almost absent in healthy human skin
(33, 34), in the present study we analyzed the effect of ADAMs
on the two main targets of autoantibodies in PV, i.e. Dsg1 and
Dsg3. However, inhibition of ADAM10 and ADAM17 did not
change either the Dsg1 and Dsg3 protein levels or the
activation state of EGFR under basal conditions.

Interestingly, ADAM10 inhibition shifted keratinocyte
adhesion towards a hyperadhesive state, which is suggested to
be required for keratinocytes and cardiomyocytes to acquire a
very strong adhesive state in order to resist a high mechanical
stress and probably reduce susceptibility for diseases (38, 49, 50).
This is in line with the finding that ADAM10 is more active at
high Ca2+ (23, 28). These results in this study are novel and open
new perspectives to study regulation of hyperadhesion.

Desmosomes are known to be dynamic structures in a
constant process of assembly and disassembly. Trapping of
desmosomal components inside of desmosomes by enhancing
their cytoskeletal anchorage, a process controlled via
desmoplakin phosphorylation, was proposed to lead to
hyperadhesion (51, 52). This mechanism was also shown to
render keratinocytes protected against PV-IgG-induced loss of
adhesion (53, 54). However, the mechanisms controlling
hyperadhesion in keratinocytes are not fully understood,
although hyperadhesion may be related to the observation that
ADAM10 inhibition was not sufficient to ameliorate loss of
adhesion for PV-IgGs in all PV patients. We found that
ADAM10 inhibition is protective against the pathogenic effects
of pemphigus autoantibodies which primarily target Dsg3 but
not Dsg1. This is in line with the result that the binding strength
and clustering of Dsg3 molecules increased strongly during
desmosomal hyperadhesion, whereas Dsg1 remained
unaffected (55). Other desmosomal plaque proteins such as
plakophilin 1 (PKP1) and plakophilin 3 (PKP3), may also be
important for control of Dsg3 clustering.

Interestingly, ADAM inhibition ameliorated loss of cell
adhesion induced by PV-IgGs with high levels of Dsg3
antibodies but lesser levels of Dsg1 antibodies and the murine,
pathogenic Dsg3 antibody AK23. In contrast ADAM10
June 2022 | Volume 13 | Article 884248
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FIGURE 2 | ADAM10 inhibition ameliorated loss of intercellular adhesion in response to PV-IgGs with low Dsg1-levels and AK23. (A) Representative images of
dissociation assays showed loss of cell adhesion in NHEK caused by PV-IgG compared to control autoantibodies from healthy volunteers (c-IgG). PV1-IgG in
combination with inhibition of ADAM10 showed reduced cell sheet fragmentation. In contrast to ADAM10 inhibition, no protective effect was observed when PV1-IgG
was co-incubated with the ADAM17 inhibitor. (B) Quantification of the assay showed a significant increase of cell sheet fragmentation after incubation with PV1-IgG
(*p˂0.0001) compared to the control condition (vehicle of c-IgG) and a reduction of cell fragments after co-incubation with GI254023X (#p=0.0016; n≥5) compared to
PV1-IgG alone. (C) Immunostaining under the same conditions showed a fragmented immunostaining of Dsg3 and Dsg1 after incubation with PV1-IgG which was
ameliorated by ADAM10 inhibitor. The effect of ADAM10 inhibition was not detectable in cells incubated with Tapi-1. DAPI-staining proved the number and vitality of
cells (n=3, scale bar: 20 µm). (D) Involvement of Dsg3 in this process was supported by analysis of the cell cohesion with incubation of AK23 in a dispase-based
assay. (E) Quantification revealed the protective effect of GI254023X (#p=0.0387) vs. PV-IgG alone. Number of fragments were normalized to the control condition:
vehicle of control (n=5). (F, G) Dispase assays after incubation with the mucosal PV2-IgG and PV3-IgG for 24 h leads to cell-cell fragmentation (PV2-IgG-vehicle:
*p=0.0008 vs. c-IgG-vehicle and PV3-IgG-vehicle: *p=0.0002 vs. c-IgG-vehicle). Co-incubation with GI254023X revealed the protective effect of ADAM10 inhibition,
when anti-Dsg1 autoantibodies are almost not present (PV2-IgG-vehicle vs. PV2-IgG-GI254023X: #p=0.0049 and PV3-IgG-vehicle vs. PV3-IgG-GI254023X:
#p=0.0009). Number of fragments were normalized to c-IgG-vehicle. (n=4). (H) Representative images of a dissociation assay with PV4-IgG in combination with or
without ADAM10 inhibitor. (I) After incubation with PV4-IgG for 24 h, a significant increase of cell fragments was detectable (*p=0.0401) which was not reduced by
the ADAM10 inhibitor. Number of fragments were normalized to the control condition: vehicle of c-IgG (n=5). (J) Human skin samples were injected with PV4-IgG
with or without GI254023X. HE staining of the skin samples showed no effect of GI254023X on PV4-IgG-induced acantholysis. (K) Blister score reveals no difference
in absence or presence of ADAM10 (n=4).
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inhibition was not protective when PV-IgG with higher Dsg1
antibody levels were used. It is known that antibodies against
Dsg1 are required to induce blistering in human skin and loss of
Dsg1 in a mouse model showed a lethal skin blistering phenotype
(56, 57) and therefore Dsg1 plays an important role in
mucocutaneous pemphigus.

Further, it was shown that excessive shedding of the
hemidesmosomal transmembrane protein and major
autoantigen in bullous pemphigoid, Collagen XVII (also
referred to as 180-kd bullous pemphigoid antigen (BP180)), by
ADAMs is linked to reduced adhesion and blister formation in
this disease (29). Furthermore, a case report showed a neonatal
PV patient with no anti-Dsg1-autoantibodies but a high levels of
autoantibodies targeting BP180 (58).

Taken together, these results indicate that ADAM10
primarily controls Dsg3-mediated cell adhesion. This would be
in line with the concept that ADAM10 together with Src
regulates signaling downstream of Dsg3 which may also
include signaling by EGFR (30, 59).
CONCLUDING REMARKS

We demonstrated for the first time that ADAMs are involved in
hyperadhesion, which may contribute to strengthen Dsg3-
mediated cell adhesion. However, the protective effect of
ADAM10 inhibition in pemphigus appears to be dependent on
the autoantibody-profile of different pemphigus patients, which
is in line with a previous study (30). In addition, we showed a
protective effect of ADAM10 inhibition in a Dsg3-specific
manner. Here, we demonstrated for the first time the role of
ADAM10 inhibition in primary human keratinocytes and
human ex vivo skin samples. In contrast to the study of Ivars
at al. (30), we conclude that ADAM10 inhibition is not protective
against PV-IgGs with a high level of Dsg1 autoantibodies and
therefore the inhibition of ADAMs may be not sufficient for the
treatment of all PV patients but may be a promising approach for
treatment of mucosal PV.
DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.
Frontiers in Immunology | www.frontiersin.org 6
ETHICS STATEMENT

PV sera from patients were reviewed and approved by the ethics
approval Az. 20/14, University of Marburg, Germany; Decision
No. 48825-5/2019/EÜIG of the National Health Centre, Hungary
and by the ethics approval number 127, approved by Kurume
University Ethics Committee, Japan. NHEKs were generated at
the Universitäts-Hautklinik Tübingen, under abidance to the
treaty of Helsinki (ethics approval: 547/2011BO2). The patients/
participants provided their written informed consent to
participate in this study.
AUTHOR CONTRIBUTIONS

DK, MA, AMS and DE performed the experiments. JW and DK
contributed to the conception and design of the study. JW and
DK interpreted the data and wrote the manuscript. RAE and
ASY provided the NHEK cells. MS, DD, MH and TH examined
PV-patient, evaluated and provided the sera from pemphigus
patients. All authors contribute to manuscript, read and
approved the final version.
FUNDING

This work was supported by DFG FOR 2497 TP5 to JW and
WiFoMed (Verein zur Förderung von Wissenschaft und
Forschung an der Medizinischen Fakultät der LMU München
e.V.) to DK.
ACKNOWLEDGMENTS

We thank Sabine Mühlsimer and Martina Hitzenbichler for
excellent technical assistance.
SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fimmu.2022.884248/
full#supplementary-material
REFERENCES
1. Kasperkiewicz M, Ellebrecht CT, Takahashi H, Yamagami J, Zillikens D,

Payne AS, et al. Pemphigus. Nat Rev Dis Primers (2017) 3:17026. doi: 10.1038/
nrdp.2017.26

2. Waschke J. The Desmosome and Pemphigus. Histochem Cell Biol (2008)
130:21–54. doi: 10.1007/s00418-008-0420-0

3. Spindler V, Waschke J. Pemphigus-A Disease of Desmosome Dysfunction
Caused by Multiple Mechanisms. Front Immunol (2018) 9:136. doi: 10.3389/
fimmu.2018.00136

4. Kaur B, Kerbrat J, Kho J, Kaler M, Kanatsios S, Cirillo N, et al. Mechanism-
Based Therapeutic Targets of Pemphigus Vulgaris: A Scoping Review of
Pathogenic Molecular Pathways. Exp Dermatol (2021) 31(2):154–71.
doi: 10.1111/exd.14453

5. 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) 40:167–70. doi: 10.1016/s0190-9622(99)
70183-0

6. Chernyavsky AI, Arredondo J, Kitajima Y, Sato-NagaiM, Grando SA. Desmoglein
VersusNon-Desmoglein Signaling in PemphigusAcantholysis: Characterization of
Novel Signaling Pathways Downstream of Pemphigus Vulgaris Antigens. J Biol
Chem (2007) 282:13804–12. doi: 10.1074/jbc.M611365200

7. Cirillo N, AlShwaimi E, McCullough M, Prime SS. Pemphigus Vulgaris
Autoimmune Globulin Induces Src-Dependent Tyrosine-Phosphorylation
June 2022 | Volume 13 | Article 884248

https://www.frontiersin.org/articles/10.3389/fimmu.2022.884248/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2022.884248/full#supplementary-material
https://doi.org/10.1038/nrdp.2017.26
https://doi.org/10.1038/nrdp.2017.26
https://doi.org/10.1007/s00418-008-0420-0
https://doi.org/10.3389/fimmu.2018.00136
https://doi.org/10.3389/fimmu.2018.00136
https://doi.org/10.1111/exd.14453
https://doi.org/10.1016/s0190-9622(99)70183-0
https://doi.org/10.1016/s0190-9622(99)70183-0
https://doi.org/10.1074/jbc.M611365200
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Kugelmann et al. Role of ADAMs in Pemphigus Vulgaris
of Plakophilin 3 and its Detachment From Desmoglein 3. Autoimmunity
(2014) 47:134–40. doi: 10.3109/08916934.2013.866100

8. Cirillo N, Prime SS. A Scoping Review of the Role of Metalloproteinases in the
Pathogenesis of Autoimmune Pemphigus and Pemphigoid. Biomolecules
(2021) 11(10):1506. doi: 10.3390/biom11101506

9. Egu DT, Schmitt T, Sigmund AM, Waschke J. Electron Microscopy Reveals
That Phospholipase C and Ca(2+) Signaling Regulate Keratin Filament
Uncoupling From Desmosomes in Pemphigus. Ann Anat (2022)
241:151904. doi: 10.1016/j.aanat.2022.151904

10. 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. Br J Dermatol (2019) 182(4):987–94. doi: 10.1111/bjd.18237

11. 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. Br J Dermatol
(2017) 177(6):1612–8. doi: 10.1111/bjd.15721

12. Schmitt T, Egu DT, Walter E, Sigmund AM, Eichkorn R, Yazdi A, et al. Ca(2
+) Signalling Is Critical for Autoantibody-Induced Blistering of Human
Epidermis in Pemphigus. Br J Dermatol (2021) 185:595–604. doi: 10.1111/
bjd.20091

13. Schmitt T, Waschke J. Autoantibody-Specific Signalling in Pemphigus. Front
Med (Lausanne) (2021) 8:701809. doi: 10.3389/fmed.2021.701809

14. 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.
doi: 10.1038/s41598-017-03697-7

15. 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. doi: 10.3389/fimmu.2019.00626

16. White JM. ADAMs: Modulators of Cell-Cell and Cell-Matrix Interactions.
Curr Opin Cell Biol (2003) 15(5):598–606. doi: 10.1016/j.ceb.2003.08.001

17. Reiss K, Saftig P. The “A Disintegrin and Metalloprotease” (ADAM) Family of
Sheddases: Physiological and Cellular Functions. Semin Cell Dev Biol (2009)
20(2):126–37. doi: 10.1016/j.semcdb.2008.11.002

18. Bech-Serra JJ, Santiago-Josefat B, Esselens C, Saftig P, Baselga J, Arribas J, et al.
Proteomic Identification of Desmoglein 2 and Activated Leukocyte Cell Adhesion
Molecule as Substrates of ADAM17 and ADAM10 by Difference Gel
Electrophoresis.Mol Cell Biol (2006) 26(13):5086–95. doi: 10.1128/MCB.02380-05

19. Sahin U, Weskamp G, Kelly K, Zhou HM, Higashiyama S, Peschon J, et al.
Distinct Roles for ADAM10 and ADAM17 in Ectodomain Shedding of Six
EGFR Ligands. J Cell Biol (2004) 164(5):769–79. doi: 10.1083/jcb.200307137

20. Endres K, Deller T. Regulation of Alpha-Secretase ADAM10 In Vitro and In
Vivo: Genetic, Epigenetic, and Protein-Based Mechanisms. Front Mol
Neurosci (2017) 10:56. doi: 10.3389/fnmol.2017.00056

21. Wetzel S, Seipold L, Saftig P. The Metalloproteinase ADAM10: A Useful
Therapeutic Target? Biochim Biophys Acta Mol Cell Res (2017) 1864(11 Pt
B):2071–81. doi: 10.1016/j.bbamcr.2017.06.005

22. Wild-Bode C, Fellerer K, Kugler J, Haass C, Capell A. A Basolateral Sorting
Signal Directs ADAM10 to Adherens Junctions and Is Required for Its
Function in Cell Migration. J Biol Chem (2006) 281(33):23824–9.
doi: 10.1074/jbc.M601542200

23. Reiss K, Bhakdi S. The Plasma Membrane: Penultimate Regulator of ADAM
Sheddase Function. Biochim Biophys Acta Mol Cell Res (2017) 1864(Pt
B):2082–7. doi: 10.1016/j.bbamcr.2017.06.006

24. Edwards DR, Handsley MM, Pennington CJ. The ADAMMetalloproteinases.
Mol Aspects Med (2008) 29(5):258–89. doi: 10.1016/j.mam.2008.08.001

25. Kawaguchi M, Mitsuhashi Y, Kondo S. Overexpression of Tumour Necrosis
Factor-Alpha-Converting Enzyme in Psoriasis. Br J Dermatol (2005) 152
(5):915–9. doi: 10.1111/j.1365-2133.2005.06440.x

26. Oh ST, Schramme A, Stark A, Tilgen W, Gutwein P, Reichrath J.
Overexpression of ADAM 10 and ADAM 12 in Lesional Psoriatic Skin. Br
J Dermatol (2008) 158(6):1371–3. doi: 10.1111/j.1365-2133.2008.08513.x

27. Blaydon DC, Biancheri P, Di WL, Plagnol V, Cabral RM, Brooke MA, et al.
Inflammatory Skin and Bowel Disease Linked to ADAM17 Deletion. N Engl J
Med (2011) 365(16):1502–8. doi: 10.1056/NEJMoa1100721

28. Maretzky T, Scholz F, Koten B, Proksch E, Saftig P, Reiss K. ADAM10-
Mediated E-Cadherin Release Is Regulated by Proinflammatory Cytokines
Frontiers in Immunology | www.frontiersin.org 7
and Modulates Keratinocyte Cohesion in Eczematous Dermatitis. J Invest
Dermatol (2008) 128(7):1737–46. doi: 10.1038/sj.jid.5701242

29. Franzke CW, Bruckner-Tuderman L, Blobel CP. Shedding of Collagen XVII/
BP180 in Skin Depends on Both ADAM10 and ADAM9. J Biol Chem (2009)
284(35):23386–96. doi: 10.1074/jbc.M109.034090

30. Ivars M, Espana A, Alzuguren P, Pelacho B, Lasarte JJ, Lopez-Zabalza MJ. The
Involvement of ADAM10 in Acantholysis in Mucocutaneous Pemphigus
Vulgaris Depends on the Autoantibody Profile of Each Patient. Br J
Dermatol (2020) 182(5):1194–204. doi: 10.1111/bjd.18382

31. Klessner JL, Desai BV, Amargo EV, Getsios S, Green KJ. EGFR and ADAMs
Cooperate to Regulate Shedding and Endocytic Trafficking of the
Desmosomal Cadherin Desmoglein 2. Mol Biol Cell (2009) 20(1):328–37.
doi: 10.1091/mbc.E08-04-0356

32. Kamekura R, Nava P, Feng M, Quiros M, Nishio H, Weber DA, et al.
Inflammation-Induced Desmoglein-2 Ectodomain Shedding Compromises
the Mucosal Barrier. Mol Biol Cell (2015) 26(18):3165–77. doi: 10.1091/
mbc.E15-03-0147

33. Hartlieb E, Rotzer V, Radeva M, Spindler V, Waschke J. Desmoglein 2
Compensates for Desmoglein 3 But Does Not Control Cell Adhesion via
Regulation of P38 Mitogen-Activated Protein Kinase in Keratinocytes. J Biol
Chem (2014) 289(24):17043–53. doi: 10.1074/jbc.M113.489336

34. Hartlieb E, Kempf B, Partilla M, Vigh B, Spindler V, Waschke J. Desmoglein 2
Is Less Important Than Desmoglein 3 for Keratinocyte Cohesion. PloS One
(2013) 8(1):e53739. doi: 10.1371/journal.pone.0053739

35. Garrod D, Chidgey M. Desmosome Structure, Composition and Function.
Biochim Biophys Acta (2008) 1778(3) :572–87. doi : 10 .1016/
j.bbamem.2007.07.014

36. Garrod D. Desmosomes In Vivo. Dermatol Res Pract (2010) 2010:212439.
doi: 10.1155/2010/212439

37. Hatzfeld M, Keil R, Magin TM. Desmosomes and Intermediate Filaments:
Their Consequences for Tissue Mechanics. Cold Spring Harb Perspect Biol
(2017) 9(6):a029157. doi: 10.1101/cshperspect.a029157

38. Garrod D, Tabernero L. Hyper-Adhesion: A Unique Property of
Desmosomes. Cell Commun Adhes (2014) 21(5):249–56. doi: 10.3109/
15419061.2014.930133

39. Garrod DR. The Assay That Defines Desmosome Hyper-Adhesion. J Invest
Dermatol (2013) 133(2):576–7. doi: 10.1038/jid.2012.275

40. 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. J Cell Sci (2005) 118:5743–54.
doi: 10.1242/jcs.02700

41. Garrod D, Kimura TE. Hyper-Adhesion: A New Concept in Cell-Cell
Adhesion. Biochem Soc Trans (2008) 36:195–201. doi: 10.1042/BST0360195

42. Spindler V, Drenckhahn D, Zillikens D, Waschke J. Pemphigus IgG Causes
Skin Splitting in the Presence of Both Desmoglein 1 and Desmoglein 3. Am J
Pathol (2007) 171(3):906–16. doi: 10.2353/ajpath.2007.070028

43. 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. doi: 10.1371/
journal.pone.0050696

44. Jennings JM, Tucker DK, Kottke MD, Saito M, Delva E, Hanakawa Y, et al.
Desmosome Disassembly in Response to Pemphigus Vulgaris IgG Occurs in
Distinct Phases and Can Be Reversed by Expression of Exogenous Dsg3.
J Invest Dermatol (2011) 131(3):706–18. doi: 10.1038/jid.2010.389

45. Calkins CC, Setzer SV, Jennings JM, Summers S, Tsunoda K, Amagai M, et al.
Desmoglein Endocytosis and Desmosome Disassembly are Coordinated
Responses to Pemphigus Autoantibodies. J Biol Chem (2006) 281(11):7623–
34. doi: 10.1074/jbc.M512447200

46. 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. doi: 10.4049/jimmunol.170.4.2170

47. 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. J Clin Invest
(2005) 115(11):3157–65. doi: 10.1172/JCI23475

48. Spindler V, Rotzer V, Dehner C, Kempf B, Gliem M, Radeva M, et al. Peptide-
Mediated Desmoglein 3 Crosslinking Prevents Pemphigus Vulgaris
June 2022 | Volume 13 | Article 884248

https://doi.org/10.3109/08916934.2013.866100
https://doi.org/10.3390/biom11101506
https://doi.org/10.1016/j.aanat.2022.151904
https://doi.org/10.1111/bjd.18237
https://doi.org/10.1111/bjd.15721
https://doi.org/10.1111/bjd.20091
https://doi.org/10.1111/bjd.20091
https://doi.org/10.3389/fmed.2021.701809
https://doi.org/10.1038/s41598-017-03697-7
https://doi.org/10.3389/fimmu.2019.00626
https://doi.org/10.1016/j.ceb.2003.08.001
https://doi.org/10.1016/j.semcdb.2008.11.002
https://doi.org/10.1128/MCB.02380-05
https://doi.org/10.1083/jcb.200307137
https://doi.org/10.3389/fnmol.2017.00056
https://doi.org/10.1016/j.bbamcr.2017.06.005
https://doi.org/10.1074/jbc.M601542200
https://doi.org/10.1016/j.bbamcr.2017.06.006
https://doi.org/10.1016/j.mam.2008.08.001
https://doi.org/10.1111/j.1365-2133.2005.06440.x
https://doi.org/10.1111/j.1365-2133.2008.08513.x
https://doi.org/10.1056/NEJMoa1100721
https://doi.org/10.1038/sj.jid.5701242
https://doi.org/10.1074/jbc.M109.034090
https://doi.org/10.1111/bjd.18382
https://doi.org/10.1091/mbc.E08-04-0356
https://doi.org/10.1091/mbc.E15-03-0147
https://doi.org/10.1091/mbc.E15-03-0147
https://doi.org/10.1074/jbc.M113.489336
https://doi.org/10.1371/journal.pone.0053739
https://doi.org/10.1016/j.bbamem.2007.07.014
https://doi.org/10.1016/j.bbamem.2007.07.014
https://doi.org/10.1155/2010/212439
https://doi.org/10.1101/cshperspect.a029157
https://doi.org/10.3109/15419061.2014.930133
https://doi.org/10.3109/15419061.2014.930133
https://doi.org/10.1038/jid.2012.275
https://doi.org/10.1242/jcs.02700
https://doi.org/10.1042/BST0360195
https://doi.org/10.2353/ajpath.2007.070028
https://doi.org/10.1371/journal.pone.0050696
https://doi.org/10.1371/journal.pone.0050696
https://doi.org/10.1038/jid.2010.389
https://doi.org/10.1074/jbc.M512447200
https://doi.org/10.4049/jimmunol.170.4.2170
https://doi.org/10.1172/JCI23475
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Kugelmann et al. Role of ADAMs in Pemphigus Vulgaris
Autoantibody-Induced Skin Blistering. J Clin Invest (2013) 123(2):800–11.
doi: 10.1172/JCI60139

49. Yeruva S, Waschke J. Structure and Regulation of Desmosomes in Intercalated
Discs: Lessons From Epithelia. J Anat (2022). doi: 10.1111/joa.13634

50. Schinner C, Vielmuth F, Rotzer V, Hiermaier M, Radeva MY, Co TK, et al.
Adrenergic Signaling Strengthens Cardiac Myocyte Cohesion. Circ Res (2017)
120(8):1305–17. doi: 10.1161/CIRCRESAHA.116.309631

51. Hobbs RP, Green KJ. Desmoplakin Regulates Desmosome Hyperadhesion.
J Invest Dermatol (2012) 132(2):482–5. doi: 10.1038/jid.2011.318

52. Bartle EI, Rao TC, Beggs RR, Dean WF, Urner TM, Kowalczyk AP, et al.
Protein Exchange Is Reduced in Calcium-Independent Epithelial Junctions.
J Cell Biol (2020) 219(6):e201906153. doi: 10.1083/jcb.201906153

53. Dehner C, Rotzer V, Waschke J, Spindler V. A Desmoplakin Point Mutation
With Enhanced Keratin Association Ameliorates Pemphigus Vulgaris
Autoantibody-Mediated Loss of Cell Cohesion. Am J Pathol (2014) 184
(9):2528–36. doi: 10.1016/j.ajpath.2014.05.016

54. Cirillo N, Lanza A, Prime SS. Induction of Hyper-Adhesion Attenuates
Autoimmune-Induced Keratinocyte Cell-Cell Detachment and Processing
of Adhesion Molecules via Mechanisms That Involve PKC. Exp Cell Res
(2010) 316(4):580–92. doi: 10.1016/j.yexcr.2009.10.005

55. Fuchs M, Sigmund AM, Waschke J, Vielmuth F. Desmosomal Hyperadhesion
Is Accompanied With Enhanced Binding Strength of Desmoglein 3
Molecules. Biophys J (2020) 119(8):1489–500. doi: 10.1016/j.bpj.2020.09.008

56. Kugelmann D, Radeva MY, Spindler V, Waschke J. Desmoglein 1 Deficiency
Causes Lethal Skin Blistering. J Invest Dermatol (2019) 139(7):1596–
1599.e1592. doi: 10.1016/j.jid.2019.01.002

57. Godsel LM, Roth-Carter QR, Koetsier JL, Tsoi LC, Huffine AL, Broussard JA,
et al. Translational Implications of Th17-Skewed Inflammation Due to
Frontiers in Immunology | www.frontiersin.org 8
Genetic Deficiency of a Cadherin Stress Sensor. J Clin Invest (2022) 132(3):
e144363. doi: 10.1172/JCI144363

58. Fenner J, Min MS, Liu S, Silverberg N. & Silverberg, N. A Case of Neonatal
Pemphigus Vulgaris With Co-Existing BP180 Autoantibodies. Pediatr
Dermatol (2020) 37:241–3. doi: 10.1111/pde.14059

59. 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.
doi: 10.3389/fimmu.2019.01128
Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Kugelmann, Anders, Sigmund, Egu, Eichkorn, Yazdi, Saŕdy, Hertl,
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