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Introduction

The autoantibody-driven disease pemphigus vulgaris (PV) impairs desmosome adhesion in the epidermis. In desmosomes, the pemphigus autoantigens desmoglein 1 (Dsg1) and Dsg3 link adjacent cells. Dsgs are clustered by plaque proteins and linked to the keratin cytoskeleton by desmoplakin (Dp). The aim of this study was to identify the impact of several PV-related signaling pathways on desmosome ultrastructure.





Methods

STED microscopy, Dispase-based dissociation assay.





Results

As observed using STED microscopy, pemphigus autoantibodies (PV-IgG) reduced desmosome number, decreased desmosome size, increased plaque distance and thickness and caused loss of adhesion. Decreased desmosome number, increased plaque distance and thickness and loss of adhesion correlate with features found for newly assembled immature desmosomes, observed after Ca2+ depletion and repletion. This was paralleled by plaque asymmetry, keratin filament retraction and fragmentation of Dsg1 and Dsg3 immunostaining. Inhibition of each individual signaling pathway investigated here prevented the loss of adhesion and ameliorated keratin retraction. In addition, inhibition of p38MAPK or PLC completely rescued all parameters of desmosomes ultrastructure and increased desmosome number under basal conditions. In contrast, inhibition of MEK1/2 was only partially protective for desmosome size and plaque thickness, whereas inhibition of Src or increase of cAMP decreased desmosome size but increased the desmosome number even in the presence of PV-IgG. 





Discussion

Alterations of the desmosomal plaque ultrastructure are closely related to loss of adhesion and regulated differently by signaling pathways involved in pemphigus pathogenesis. This insight may allow identification of novel treatment options targeting specific steps of desmosome turn-over in the future. 
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Introduction

The blistering autoimmune skin disease pemphigus is caused by autoantibodies mainly targeting the desmosomal cadherins desmoglein (Dsg)1 and Dsg3 (1–3). The autoantibody profiles with either anti-Dsg1 or anti-Dsg1 and anti-Dsg3 IgG largely correlate with the clinical phenotypes of pemphigus foliaceus (PF) or pemphigus vulgaris (PV) respectively (1, 2). However, Dsg3 epitope-specific effects were also observed to potentially contribute to differences in clinical phenotypes (4). Autoantibodies against other targets, for example desmocollin 3, can also play a role (5–14). This demonstrates that the overall pathology is complex. Desmosomal cadherins are clustered into desmosomes by plaque proteins including plakoglobin (Pg) and anchored to the keratin cytoskeleton via the linker protein desmoplakin (Dp). Pemphigus autoantibodies can both directly inhibit cadherin interaction and activate downstream signaling pathways which interfere with desmosome assembly and remodeling (15–18). It was demonstrated before that pemphigus IgGs impact several parameters of the desmosome ultrastructure, including decreased desmosome size, increased plaque thickness and inter-plaque distance as well as reduced desmosome number (17, 19). These alterations may be representative for immature desmosomes (20), which fits to the hypothesis that pemphigus IgGs induce desmosome disassembly and cause disturbances in desmosome assembly (1, 18). It was furthermore shown that modulation of pemphigus-IgG-induced signaling can ameliorate alterations of the desmosome ultrastructure and prevent loss of adhesion (17, 19). The best described signaling molecule in this context is p38MAPK, known to play a central role in pemphigus pathogenesis. The stress kinase p38MAKP (21–23) is associated with Dsg3 and Pg (24, 25) and activates a broad spectrum of downstream targets causing both direct and transcriptional effects (18). p38MAPK was shown to be involved in depletion of Dsg3 from the cell borders (21, 26, 27) keratin filament remodeling (28–30) and loss of adhesion in vitro (31, 32). p38MAPK inhibition rescued PV-IgG-induced desmosome number, size, keratin dissociation and prevented desmosome splitting, ultimately preventing blister formation in human skin ex vivo (32, 33). Another target is PLC, inducing rapid Ca2+ influx and release of diacylglycerol, activating several downstream targets, mainly PKCs (18, 34). PLC was shown to be involved in keratin retraction, Dsg1 and Dsg3 reorganization and loss of adhesion in vitro (34). PLC inhibition prevented blister formation, ameliorated loss of desmosomes, desmosomal splitting, as well as keratin dissociation, but was not sufficient to fully rescue desmosome size in human skin ex vivo (17). Src directly phosphorylates e.g. PKP3, depleting it from the desmosomes (35), but also activates the epidermal growth factor receptor (EGFR) (36–38) in term activating a broad spectrum of further downstream targets (18). Src was shown to be involved in loss of adhesion in vivo (35, 39, 40), but was not effective in suppressing blister formation ex vivo, neither rescuing desmosome number nor size (17, 39). On the other hand, it was also reported, that Src activity is required for desmosome assembly to some degree (25). Erk1/2 downstream of MEK1/2, downstream of EGFR and thus Src and p38MAPK, was shown to impact Dsg1 and Dsg3 distribution and keratin retraction in vitro (17, 40). MEK1/2 inhibition prevented blister formation and partially rescued desmosome number but not reduction in desmosome size desmosomal splitting or keratin dissociation in human skin ex vivo (17, 40). Lastly, an increase in cAMP via adrenergic signaling modulators forskolin and rolipram was shown to ameliorate the fragmentation of Dsg3 staining and prevent loss of adhesion in vitro. Apremilast, a cAMP increasing drug already in clinical use (41), ameliorated fragmentation of Dsg3 staining, keratin retraction and prevented loss of adhesion in vitro and in vivo. It prevented blister formation but only rescued keratin insertion and desmosome splitting but not desmosome size or number in human skin ex vivo (42). However, only little is known about the impact of individual signaling pathways on the desmosome ultrastructure. The aim of this study was thus to systematically investigate the impact of several well-known pemphigus downstream signaling pathways on the desmosome ultrastructure in vitro. Using super resolution STED microscopy we specifically focused on Dp within the desmosomal plaque because it appears to be the most intriguing target for this kind of investigation. While Dp showed a complex reorganization (19), other plaque proteins like PG and PKP1-3 are mostly just depleted from the plaqueand to the cytoplasm or nucleus or degraded (43–51). The findings from our study might help to correlate signaling profiles to ultrastructural alterations and by extension to clinical outcomes. This could allow to develop new therapy options targeting specific steps of desmosome turn-over in the future.





Results




The composition of desmosomes in cultured cells is similar to that in intact epidermis

The first aim was to find out if the composition of desmosomes in cultured cells is comparable to that of epidermal desmosomes. The composition of desmosomes in the HaCaT cell line, as well as in primary NHEK cells, was mostly comparable to the composition of epidermal desmosomes located in the spinous layer (SL) as published previously (49). It was furthermore relatively similar between the two cell types, except for the colocalization of Dsg3 with Dp (Figure 1).




Figure 1 | The composition of desmosomes in epidermal keratinocytes in vitro. (A) Representative STED-microscopy images (Scale bar: 500 nm). (B) Quantification results for relative area of colocalized pixels (N=4-5). * indicates statistically significant differences as indicated, # indicates statistical significant results as compared to epidermal keratinocytes in the spinous layer of human epidermis ex vivo as determined in a previous study (49), both in two-way-ANOVA with Sidaks post analysis for multiple comparisons p<0.05.







Modulation of pemphigus signaling pathways protects against loss of adhesion in HaCaT cells in vitro

To confirm the protective effect on cell adhesion of each mediator to be used in this study the dispase-based dissociation assay was performed in HaCaT cells. These include inhibitors for the cell stress kinase p38MAPK, SB202190 (SB20) blocking the ATP-binding site (52) and EO1428 (EO) blocking the hydrophobic pocket, important for substrate binding and autophosphorylation (53); PP2 a potent inhibitor of Src-family kinases via a complex interaction, partially competing with ATP-binding (54); U-73122 inhibiting the PLC by blocking the binding of its upstream activating G-protein ligant (55). U0126 which inhibits the activation of MEK1/2 and increasing its dephosphorylation rate (52). Forskolin and activator of adenylate cyclase increasing activity by binding inside the catalytic pocket (56). Rolipram which inhibits degradation of cAMP by blocking Phosphodiesterase-4 activity by competitively binding to the catalytic domain, but also via a more complex allosteric binding mechanism (57). All mediators were effective in ameliorating the loss of adhesion induced by PV-IgG. None of the mediators showed any effect on baseline adhesion when applied with C-IgG. In contrast, activation of p38MAPK using Anisomycin (Aniso), induced activating phosphorylation of p38MAPK, and downstream ERK1/2, most likely via a general stress response (58–60), for 1 h induced severe fragmentation with about 2000 fragments and thus a factor of 100 more than PV-IgG (Figures 2A, B). It was confirmed that the fragmentation is not caused by cytotoxicity, using MTT vitality staining before sheering, producing a bright purple coloration of the monolayers under all conditions (Figure 2A). We compared cell adhesion after autoantibody treatment with cell adhesion after Ca2+-depletion. Complete disruption of cadherin-mediated adhesion by Ca2+-depletion for either 30 min or 1 h yielded around 2000 fragments with no significant difference between 2.5 mM or 5 mM EGTA. Repletion of Ca2+ for 24 h normalized adhesion for both concentrations of EGTA (Figures 2C–E).




Figure 2 | Impact of the used mediators and Ca2+-depletion on cell adhesion in HaCaT cells in vitro, as determined by dispase-based dissociation assays. (A) Representative Images of cells pretreated with mediators for 1 h followed by PV- or C-IgG for 24 h, stained for viability using MTT before sheering. (B) Quantification results for the number of fragments (N=3). (C) Representative Images of cells after depletion of Ca2+ with either 2.5 mM EGTA or 5 mM EGTA for 30 min or 1 h and with or without repletion of Ca2+ for 24 h. (D) Quantification results for the number of fragments (N=4). (E) Visual representation of the time course of Ca2+ depletion and repletion using EGTA. All experiments were performed using the human epidermal keratinocyte cell line: HaCaT. * indicates statistically significant differences as indicated in two-way-ANOVA with Sidaks post analysis for multiple comparisons p<0.05.







Modulation of pemphigus signaling restores PV-IgG-induced alterations in desmosome ultrastructure

Evaluation of Dp plaque ultrastructure using STED microscopy revealed that PV-IgG-induced several alterations compared to desmosomes under control conditions (Figures 3A, B). Both, the number of desmosomes per µm of cell border length and desmosome size were significantly decreased (Figures 3A, 4, 5A–D). The plaque thickness was increased (Figures 3A, 4), and some desmosomes showed asymmetry between plaques of neighboring cells (Figure 5E) indicating plaque disorganization. The distance between the desmosomal plaque sub-cells was increased (Figures 3A, 4). In regions where the cell borders had already drifted apart, half/split desmosomes were observed (Figure 3A, green arrowheads). At some cell borders either single desmosome-like structures in the cytoplasm or linear streaks with desmosome-like structures arranged in lines were present inside the cytoplasm, indicating desmosome remodeling (Figure 3A, red arrowheads/circles). Lastly, in some areas, clusters of Dp staining were present (Figure 3A, blue arrowhead). After activation of p38MAPK with anisomycin, similar effects were observed for all parameters of desmosome ultrastructure. However, clustering of Dp staining was absent (Figures 3C, 4B, 5A–D).




Figure 3 | Qualitative summary of effects of PV-IgG or anisomycin treatment on the Dp plaque ultrastructure. Representative STED-microscopy images (Scale bars left to right 2 µm, 500 nm, 100 nm or yellow: 250 nm). (A) Control condition. (B) effects of PV-IgG treatment. (C) Effects of Anisomycin treatment. The lines indicate measurements of the example desmosome under control conditions. Red: length and width, purple: plaque thickness, blue: Plaque distance. Green arrows indicate missing halfs of split desmosomes, red arrows indicate linear streaks, blue arrows indicate areas where Dp staining is clustered and red circles indicate double Dp structures in the cytoplasm below the cell border. Green boxes indicate zoomed areas.






Figure 4 | Quantification of effects of PV-IgG or anisomycin treatment on the Dp plaque ultrastructure. Quantification results for desmosome number, desmosome size, desmoplakin distance and plaque thickness (N=4-8). (A) inhibition of p38MAPK. (B) after activation of p38MAPK. (C) inhibition of PLC. (D) inhibition of MEK1/2. (E) inhibition of Src. (F) After induction of increased cAMP levels. * indicates statistically significant differences as indicated in two-way-ANOVA with Sidaks post analysis for multiple comparisons p<0.05.






Figure 5 | Quantitative summary of effects of PV-IgG or anisomycin treatment on the Dp plaque ultrastructure and evaluation of plaque symmetry and keratin retraction. (A) Quantification results for desmosome size for the subset after treatment with mediators and C-IgG compared to vehicle control for c-IgG, PV-IgG and anisomycin (N=4-8). (B) Quantification results for desmosome size for the subset after treatment with mediators and PV-IgG compared to the vehicle control for c-IgG, PV-IgG and anisomycin (controls are the same as for a) N=4-8). (C) Quantification results for desmosome number for the subset after treatment with mediators and C-IgG compared to vehicle controls for C-IgG, PV-IgG and anisomycin (N=4-8). (D) Quantification results for desmosome number for the subset after treatment with mediators and PV-IgG compared to the vehicle control for c-IgG, PV-IgG and anisomycin (controls are the same as for C) N=4-8). (E) Quantification results for plaque asymmetry after treatment with mediators and C-IgG compared to PV-IgG, anisomycin and control conditions (N=4-8). (F) Quantification results for keratin distance (keratin retraction) after treatment with mediators and C-IgG or PV-IgG (N=4-8). (G) Representative STED-microscopy images for delaminated cells showing more desmosomes along the cell borders after PP2 or F/R treatment, compared to cells in the monolayer showing still more desmosomes than under control conditions (Red boxes indicate zoomed in area. Scale bar top: 2 µm; bottom: 10 µm). * indicates statistically significant differences as indicated in two-way-ANOVA with Sidaks post analysis for multiple comparisons p<0.05.



The inhibition of p38MAPK with either SB20190 (SB20) or EO1485 (EO) but also inhibition of PLC with U-73122 ameliorated all PV-IgG-induced ultrastructural alterations and even slightly increased the number of desmosomes (Figures 4A, C, 5C, D). Inhibition of MEK1/2, which is upstream of Erk1/2, with U0126, ameliorated the loss of number of desmosomes but only partially restored desmosome size. Increased plaque distance was rescued but increase of plaque thickness was only partially reduced (Figures 4D, 5A–D). Both, inhibition of Src via PP2 and increase of cAMP levels using F/R strongly increased the number of desmosomes and desmosome number was not decreased by PV-IgG. However, desmosome size was decreased to a similar degree as after incubation with PV-IgG. Both plaque distance and thickness were protected after addition of PP2 or F/R (Figures 4E, F, 5A, B, G). Under both conditions, clusters of delaminated cells, with even more desmosomes than the surrounding cells were present (Figure 5G). The desmosomal plaque asymmetry induced by PV-IgG and anisomycin was abolished by all mediators (Figure 5E).

PV-IgG- and p38MAPK activation-induced alterations, including decreased desmosome number, increased plaque distance and thickness and loss of adhesion, were comparable to features observed for newly formed immature desmosomes, after depletion of Ca2+ for 30 min or 1 h with 2.5 or 5 mM EGTA as described above. Repletion for 24 h completely restored the normal ultrastructure of desmosomes (Figure 6).




Figure 6 | Quantification of effects of Ca2+ depletion and repletion on the Dp plaque ultrastructure. Quantification results for (A) desmosome number. (B) desmosome size. (C) desmoplakin distance. (D) plaque thickness (N=4). (E) Representative STED-microscopy images showing alterations in the Dp plaque ulstrastructure (Scale bar: 500 nm). * indicates statistically significant differences as indicated in two-way-ANOVA with Sidaks post analysis for multiple comparisons p<0.05.







Signaling pathway modulation prevents PV-IgG-induced alterations in the distribution of desmosomal proteins

Both PV-IgG and anisomycin induced retraction of keratin filaments from cell borders toward the nucleus (Figure 5F). Keratin retraction induced by PV-IgG was prevented by all mediators except U0126, which only reduced it. Alterations induced by PV-IgG and anisomycin furthermore included fragmented staining of Dsg1 and Dsg3 (Figures 7–9), with mostly desmosomal Dsg staining remaining as visible by the keratin insertion (Figures 8B, 9B, white arrowheads). Anisomycin as well as U0126, PP2 and F/R increased Dsg1 staining at the membrane and anisomycin (Figures 7G, H), PP2 and F/R also enhanced Dsg3 staining intensity both at the membrane and in the cytoplasm (Figures 7G–J). The fragmentation of Dsg1 and Dsg3 staining was normalized by all mediators, only exception was U-73122 which reduced Dsg3 fragmentation but did not normalize it (Figures 7A, C, F, 8, 9). U-73122 did also not normalize Dsg3 staining intensity (Figure 7). p38MAPK activation by anisomycin caused an increased Dsg intensity both at cell borders and in the cytoplasm (Figures 7G–J).




Figure 7 | Quantification of effects of PV-IgG or anisomycin on Dsg1 and Dsg3 staining distribution and intensity. Quantification results for fragmentation of Dsg1 and Dsg3 (N=3-5). (A) Inhibition of p38MAPK. (B) activation of p38MAPK (C) inhibition of PLC (D) inhibition of MEK1/2 (E) inhibition of Src (F) After induction of increased cAMP levels. (G) Quantification results for Dsg1 staining intensity along the cell borders after treatment with mediators and C-IgG or PV-IgG (N=3-5). (G) Quantification results for Dsg1 staining intensity along the cell borders after treatment with mediators and C-IgG or PV-IgG (N=3-5). (H) Quantification results for Dsg3 staining intensity along the cell borders after treatment with mediators and C-IgG or PV-IgG (N=4-5). (I) Quantification results for Dsg1 staining intensity in the cytoplasm after treatment with mediators and C-IgG or PV-IgG (N=3-5). (J) Quantification results Dsg3 staining intensity in the cytoplasm after treatment with mediators and C-IgG or PV-IgG (N=4-5). * indicates statistically significant differences as indicated in two-way-ANOVA with Sidaks post analysis for multiple comparisons p<0.05.






Figure 8 | Qualitative display of the impact of mediators on the distribution and association of Dsg3 with Dp and keratin filaments. Representative STED-microscopy images after 1 h pretreatment with mediators followed by 24 h of treatment with C-IgG or PV-IgG for: (A) Costaining of Dsg3 and Dp. (B) Costaining of Dsg3 and pan-cytokeratin (Ker). (White arrows indicate Dsg3 associated with keratin filaments. White boxes indicate zoomed in area. Scale bar left to right: 2 µm, 500 nm).






Figure 9 | Qualitative display of the impact of mediators on the distribution and association of Dsg1 with Dp and keratin filaments. Representative STED-microscopy images after 1 h pretreatment with mediators followed by 24 h of treatment with C-IgG or PV-IgG for: (A) Costaining of Dsg1 and Dp. (B) Costaining of Dsg1 and pan-cytokeratin (Ker). (White arrows indicate Dsg1 associated with keratin filaments. White boxes indicate zoomed in area. Scale bar left to right: 2 µm, 500 nm).








Discussion

Our results suggest that PV-IgG alters desmosome ultrastructure to a state similar to immature desmosomes. This seems to be mediated in part via p38MAPK but also other signaling pathways including PLC, MEK1/2 (Erk1/2), Src and cAMP. While many of the signaling molecules showed similar effects, there were some interesting differences such as only partial rescue of plaque thickness by inhibition of MEK1/2 or more but smaller desmosomes upon inhibition of Src or increase of cAMP. These differences might be important to identify distinct steps of pemphigus pathogenesis and to establish specific therapy approaches targeting these in the future.




Desmosomes in HaCaTs are most similar to those at the epidermal basal layer-spinous layer interface

First important step was to check whether the findings on desmosome ultrastructure in cultured cells are comparable to the situation in keratinocytes of human epidermis. For this we verified that the desmosomes in both the HaCaT cell line and primary NHEK cells are comparable to desmosomes found in epidermis of body doners and control sample from non-pemphigus patients ex vivo. Overall, desmosomes in both cell types investigated represented epidermal desmosomes found in the SL of the epidermis quite well. SL desmosomes showed the overall highest colocalization for Dsg3+Dp, Dsg1+Dp and Pg+Dp compared to the other layers, and very similar to the cells, while Dsg1+Pg was similar across all layers. The only difference was that both HaCaTs and NHEKs were more homogeneous with respect to Dsg1/Dsg3 composition whereas in the skin, desmosomes mostly contain either Dsg1 or Dsg3, with the highest degree of colocalization of the to in the basal layer (BL) (49). The only difference between HaCaTs and NHEKs was the colocalization of Dsg1 and Dsg3 with Dp. NHEKS showed a bit less colocalization of Dsg3 with Dp, while HaCaTs showed a bit lower colocalization of Dsg1 with Dp. Both were respectively significantly different to the SL composition. Since the higher colocalization of Dsg3 and lower colocalization of Dsg1 with Dp is more similar to the BL, HaCaTs apparently represent desmosomes at the basal-suprabasal interface of the epidermis. Because autoantibodies in PV induce splitting at this interface, all further experiments on regulation of the desmosome ultrastructure were performed with HaCaT cells (61, 62).





Pemphigus-IgG-induced signaling reverts desmosomes to an immature state

It was previously shown that the composition of desmosomes was not drastically altered regarding Dsg1, Dsg3, Pg and Dp in PV patient skin, compared to controls, neither in lesional, nor in non-lesional regions. However, the number of desmosomes per membrane length was significantly reduced, causing reduced adhesion and blister formation (19, 49). Electron microscopy and recently also STED and dSTORM microscopy further revealed PV-IgG-induced alterations of the desmosomal plaque. These also include reduced desmosome number (19, 63, 64) but furthermore reduced plaque size (19, 20, 33, 63–66), increased inter plaque distance (19, 20), increased plaque thickness and/or disorganization (4, 19), formation of split desmosomes (33, 63, 64) as well as altered keratin organization and insertion (4, 19, 63). These alterations can be concluded to be both a good indicator for, as well as a cause for the reduced desmosome adhesion. Using STED microscopy, we demonstrated that most alterations of the desmosome ultrastructure were comparable after incubation with PV-IgG or following activation of p38MAPK via anisomycin conforming a previous study (19). We found that the plaques of affected desmosomes are often asymmetrical. In contrast, clustering of desmosomal components was observed only after treatment with PV-IgG, identifying this effect to be p38MAPK-independent. Most of these alterations, including decreased desmosome number, increased interplaque distance and thickness as well as loss of adhesion closely resemble features found in newly assembled immature desmosomes as observed after Ca2+ depletion, also confirming previous reports (20, 67, 68). This strongly suggests that PV-IgG-induced signaling stimulates desmosome assembly pathways and reverts the desmosome ultrastructure back to a state similar to that of immature desmosomes or desmosome precursors. This also fits to previous reports about the importance of several PV-IgG-induced signaling pathways responsible for desmosome assembly and maturation, including PKC (69–72), RhoA (39, 73–75), Src (25, 35, 39), and Rap1 (76).





Signaling pathways play distinct roles in the regulation of the desmosomal Dp plaque ultrastructure

Next we wanted to investigate in more detail how modulation of different signaling pathways involved in pemphigus pathogenesis affected the desmosome ultrastructure. It is well known that p38MAPK is involved in pemphigus pathogenesis (18). Similar to previous reports, our results demonstrate that p38MAPK is directly involved in loss of adhesion (31, 32). We also confirm the involvement of p38MAPK in keratin retraction (28–30, 65) and alterations of Dsg3 distribution (21, 26, 27). Additionally, we observed that p38MAKP affected the distribution of Dsg1 in a similar fashion. p38MAKP inhibition ameliorated all alterations to the desmosomal plaque ultrastructure, which fits to previous findings using electron microscopy, reporting reduced number of desmosomes, decreased desmosome size, interdesmosomal widening, split desmosomes and altered keratin insertion (65). The slight increase in the number of desmosomes further indicates that also under basal conditions p38MAPK negatively regulates desmosome assembly.

We further investigated the role of PLC. Similarly to p38MAPK, PLC seems to regulate all parameters of desmosome ultrastructure as well as keratin filament organization. This mostly fits to previous reports showing that inhibition of PLC and its downstream targets was protective against keratin retraction and loss of adhesion (34, 63). For Desmosome number, a previous study reported a similar trend in human skin ex vivo. However, with not significant difference, possibly due to the weak effect and high interindividual variability in the investigated ex vivo skin (17, 63). This may also explain why desmosome length was not rescued. Interestingly, inhibition of PLC fully prevented fragmentation of Dsg1 staining whereas effects on Dsg3 staining were less pronounced. That might indicate that PLC impacts extradesmosomal Dsg1 more than extradesmosomal Dsg3. However, the at least partial rescue of both confirms previous findings (34).

The data are in line with the hypothesis that both p38MAPK and PLC are relatively far upstream in the signaling mechanisms involved in desmosome dysregulation in PV (18). In contrast, inhibition of MEK1/2, downstream of Src, p38MAPK and EGFR (18), improved but did not fully rescue desmosome size, plaque thickness or keratin retraction, which may indicate that MEK1/2 is further downstream in the signaling mechanisms after autoantibody binding and may regulate desmosome turn-over at specific steps only. While loss of number of desmosomes and plague distance were rescued, the desmosome size and plaque thickness were only partially normalized. This fits well with results from a previous electron microscopy study showing that neither desmosome size, desmosomal splitting, nor keratin dissociation were rescued in human skin ex vivo (17, 66).

Both, inhibition of Src and increase of cAMP levels showed very distinct effects compared to the signaling pathways outlined above. Both signaling pathways rescued most desmosomal parameters and keratin insertion which is similar to inhibition of p38MAPK and PLC. However, under control conditions Src inhibition and cAMP increase resulted in a higher number of smaller desmosomes and increased staining of Dsg1 and Dsg3 along the membrane and in the cytoplasm. A possible interpretation would be that desmosome assembly was accelerated which prevented desmosomes to fully mature. The increased Dsg3 staining could result from an increased amount of Dsg3 containing desmosomal precursors. This fits well with previous reports on the protective role of Src and cortactin described to regulate the integration of desmosome precursors into desmosomes (25, 35, 39). In contrast to that, Src was not protective in preventing blister formation in human skin ex vivo and did not resuce desmosome number, size nor inderdesmosomal widening, but was effective in preventing blister formation in neonatal mouse skin in vivo (17, 39). This could possibly indicating, that for Src inhibition to be protective more dynamic reorganization needs to be in process. Src for example acts via the epidermal EGFR (36–38), which might show a different regulation in differentiated human skin than in cultured cells. It was furthermore reported, that Src was no longer active in skin after 24 h and Src inhibition was only protective during the timeframe, while it was active (39). This partially confirms the need for active reorganization processes to be going on for Src inhibition to be protective. For cAMP, these observations also conform to a previous report demonstrating its protective effects in mice in vivo and keratinocytes in vitro, for which keratin insertion were rescued, while desmosome size was not rescued, but in contrast to in vitro findings also not reported to be reduced (42). That the size of desmosomes was not reduced might, similarly as for Src, indicate, that differentiated adult human skin shows less dynamic desmosome reorganization than cells in vitro. Another study demonstrated that Rap1 downstream of cAMP affects plaque formation and thus desmosome assembly via Pkp3 (76), which also fits well to this hypothesis.





Conclusion: Signaling molecules rescuing desmosome ultrastructure may become targets for new therapy approaches in pemphigus

From our data, it can be concluded that modulation of the pemphigus signaling network downstream of autoantibody binding at different points may allow to rescue desmosome adhesion as has been shown in many studies before (18). However, in the recent study we observed that the effects of signaling pathways on the desmosomes ultrastructure may be very different which may indicate the role of these signaling mechanisms in the different steps of desmosome turn-over and the hierarchical position of the respective molecules in the pemphigus signaling network. Molecules more upstream in the corresponding signaling chain and thus activated earlier, upon autoantibody binding, such as p38MAPK and PLC affect all parameters of desmosome ultrastructure whereas others, including MEK1/2, may be more downstream of autoantibody binding or involved only in distinct steps of desmosome turn-over. For example, MEK1/2 appears to stabilize mature desmosomes but is less important for the regulation of cytoskeletal anchorage of desmosomes. In contrast, we conclude that both Src and cAMP most likely are involved in the regulation of desmosome assembly.

These new insights may be important in the future to establish new treatment options in pemphigus. At this stage, treatment is limited to immunosuppression and B cell depletion which is associated with side effects and considerable relapse rates and new experimental strategies also focus on the reduction of autoantibody levels (77). Therefore, new treatment options are required (78) and we proposed to stabilize keratinocyte adhesion by promoting desmosome adhesion for example via apremilast to enhance cAMP levels or erlotinib to inhibit EGFR (19, 42). Since in this context, Src families associated with EGFR activation were found to be activated by autoantibodies, our new data indicate that therapy options to enhance desmosome assembly may be effective to treat pemphigus in the future.






Materials and methods




Cell culture

The human epidermal keratinocyte cell line HaCaT was cultivated in a humidified, 5% CO2 atmosphere at 37°C in Dulbecco’s Modified Eagle Medium (DMEM) (Life Technologies, CA) with 10% FCS (Merk, DE) and 50 U/ml penicillin and 50 µg/ml streptomycin (both AppliChem, DE). Primary normal human epidermal keratinocytes (NHEK) in passages 2-6 in CnT-Prime Basal Medium 1 at low calcium (0.06 mM) until confluency and 1.8 mM calcium for differentiation for 24 h after reaching confluency. Passaging and seeding was performed, using trypsin-EDTA solution (Merck, DE). For Ca2+ depletion the cells were treated with EGTA 2.5 or 5 mM for 30 min or 1 h. Repletion was performed by washing with PBS 1x and exchanging to new medium.





Mediators and staining antibodies

Cells were pre-incubated with PP2 for 2 h or all other mediators for 1 h before IgG treatment for 24 h. Anisomycin was incubated for 1 h before fixing the cells. For concentration of mediators refer to Table 1, for staining antibodies refer to Table 2.


Table 1 | Mediators.




Table 2 | Staining antibodies.







Pemphigus sera and IgG

PV-IgG with ELISA scores for anti-Dsg1-IgG: 1207.00 U/ml and anti-Dsg3: 3906.00 U/ml was obtained as immunoapharesis purified material from the Lübeck Institute of Experimental Dermatology. Protein A agarose beads (Thermo Fisher Scientific, USA) were used for affinity purification to obtain IgG fractions from sera of healthy volunteers as control-IgG (C-IgG), as described previously (24). IgGs were used 1:50 in cell culture experiments and about 50 µl/cm² of skin ex vivo.





Dispase-based dissociation assay

Confluent HaCaT monolayers were washed with Hank´s buffered saline solution (HBSS). 150 µl Dispase II, 2.4 U/ml (Sigma Aldrich, USA) in HBSS was added for 10 min at 37°C, 95% humidity. After monolayer detachment the dispase reaction was stopped by diluting with 200 µl HBSS. The monolayers were stained with MTT (VWR, DE) to confirm viability and produce a better contrast. An electrical pipette was used to induce defined shear stress. Fragment numbers were counted using images taken, using a binocular microscope (Leica, DE) and an EOS 600D camera (Canon, JP).





Human skin samples

Skin biopsies from body donors deceased for less than 24 h were used. Each epidermis piece ~6 cm² was excised from the shoulder region and divided into ~1 cm² pieces. The skin was cultivated in floating culture, for 24 h after the second injection, in 6-well-plates in 4 ml medium under the same conditions as the keratinocytes. After 24 h, the samples were cut into shape about ~0.4 cm² embedded in tissue freezing medium (Leica, DE). 7 μm sections were produced, using a CryoStar™ NX70 Kryostat (Thermo Fisher, USA).





STED (Stimulated emission depletion) microscopy

Treated cells grown on high performance glass cover slips or skin slices were fixed using -20°C ethanol for 30 min followed by -20°C acetone for 3 min. Primary antibodies were incubated for 3 h at RT and secondary goat-anti-mouse or -rabbit antibodies coupled to STAR-RED or Alexa 594 fluorophores (Abberior GmbH, Göttingen, DE) for 1 h. DAPI (Roche, DE) was added for the last 15 min of secondary antibody incubation. Using Prolong™ Diamond Antifade Mountant, cover slips were mounted to glass slides (Thermo Fisher Scientific, DE). An Abberior 3D Stimulated emission depletion (STED) confocal microscope with IMMOIL-F30CC (Olympus, JP) was used to image the samples. Star Red was excited at 638 nm and Alexa594 at 594 nm, using a pulsed diode lasers (PDL 594, Abberior Instruments; PiL063X, Advanced Laser Diode Systems). Fluorophores were depleted using a pulsed fiber laser (PFL-P-30-775B1R, MPB Communications) at 775 nm. Emission was detected with an avalanche photodiode detector at 605-625 nm for Star Red and 650-720 nm for Alexa 594.





Image processing and statistical analysis

Image processing was performed with Photoshop CS5. Image J was used to quantify fluorescence staining (IF). Each data point represents an average per STED image. All images were evaluated, using Fiji Image J software v 2.9.0. Data were analyzed using either two-way-ANOVA followed by Sidak-post-hoc-test for multiple comparison or if applicable one-way-ANOVA followed by Dunnett-post-hoc-test for multiple comparison, using GraphPad Prism v8.4.3 (GraphPad Software, USA). Significance was assumed for p ≤ 0.05. Data are shown as mean ± standard error of the mean. Each N represents one independent experiment, each n a technical replicate.






Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.





Ethics statement

Ethical approval was not required for the studies on humans in accordance with the local legislation and institutional requirements because only commercially available established cell lines were used.





Author contributions

TS: Conceptualization, Data curation, Formal analysis, Investigation, Methodology, Project administration, Supervision, Validation, Visualization, Writing – original draft. JH: Formal analysis, Investigation, Validation, Visualization, Writing – original draft. JP: Formal analysis, Investigation, Writing – review & editing. ES: Funding acquisition, Resources, Writing – review & editing. JW: Conceptualization, Funding acquisition, Methodology, Project administration, Resources, Supervision, Validation, Writing – review & editing.





Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. The research was supported by the Deutsche Forschungsgemeinschaft (DFG) RT (TI 291/10-2)/TP05 to JW, 2497/TP01 to CH and TP08 to MH (HE 1602/16-2).




Acknowledgments

We thank Martina Hitzenbichler, Michelle Hermann, Marlene Katzmann and Silke Gotschy for their excellent technical assistance. The used HaCaT cell line orinigally obtained by the German Cancer Research Center Heidelberg (79).





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.

The author(s) declared that they were an editorial board member of Frontiers, at the time of submission. This had no impact on the peer review process and the final decision.





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. Schmidt, E, Kasperkiewicz, M, and Joly, P. Pemphigus. Lancet. (2019) 394:882–94. doi: 10.1016/S0140-6736(19)31778-7

3. Spindler, V, Gerull, B, Green, KJ, Kowalczyk, AP, Leube, R, Marian, AJ, et al. Meeting report - Desmosome dysfunction and disease: Alpine desmosome disease meeting. J Cell Sci. (2023) 136:jcs260832. doi: 10.1242/jcs.260832

4. Schmitt, T, Hudemann, C, Moztarzadeh, S, Hertl, M, Tikkanen, R, and Waschke, J. Dsg3 epitope-specific signalling in pemphigus. Front Immunol. (2023) 14:1163066. doi: 10.3389/fimmu.2023.1163066

5. Schmidt, E, Goebeler, M, Hertl, M, Sárdy, M, Sitaru, C, Eming, R, et al. S2k-Leitlinie zur Diagnostik des Pemphigus vulgaris/foliaceus und des bullösen Pemphigoids. JDDG: J der Deutschen Dermatologischen Gesellschaft. (2015) 13:713–27. doi: 10.1111/ddg.40_12612

6. Kneisel, A, and Hertl, M. Autoimmune bullous skin diseases. Part 2: diagnosis and therapy. J Dtsch Dermatol Ges. (2011) 9:927–47. doi: 10.1111/j.1610-0387.2011.07809.x

7. Mao, X, Nagler, AR, Farber, SA, Choi, EJ, Jackson, LH, Leiferman, KM, et al. Autoimmunity to desmocollin 3 in pemphigus vulgaris. Am J Pathol. (2010) 177:2724–30. doi: 10.2353/ajpath.2010.100483

8. Rafei, D, Müller, R, Ishii, N, Llamazares, M, Hashimoto, T, Hertl, M, et al. IgG autoantibodies against desmocollin 3 in pemphigus sera induce loss of keratinocyte adhesion. Am J Pathol. (2011) 178:718–23. doi: 10.1016/j.ajpath.2010.10.016

9. Spindler, V, Heupel, W-M, Efthymiadis, A, Schmidt, E, Eming, R, Rankl, C, et al. Desmocollin 3-mediated binding is crucial for keratinocyte cohesion and is impaired in pemphigus. J Biol Chem. (2009) 284:30556–64. doi: 10.1074/jbc.M109.024810

10. Müller, R, Heber, B, Hashimoto, T, Messer, G, Müllegger, R, Niedermeier, A, et al. Autoantibodies against desmocollins in European patients with pemphigus. Clin Exp Dermatol. (2009) 34:898–903. doi: 10.1111/j.1365-2230.2009.03241.x

11. Ivars, M, España, A, Alzuguren, P, Pelacho, B, Lasarte, JJ, and López-Zabalza, MJ. The involvement of ADAM10 in acantholysis in mucocutaneous pemphigus vulgaris depends on the autoantibody profile of each patient. Br J Dermatol. (2020) 182:1194–204. doi: 10.1111/bjd.18382

12. Geller, S, Gat, A, Zeeli, T, Hafner, A, Eming, R, Hertl, M, et al. The expanding spectrum of IgA pemphigus: a case report and review of the literature. Br J Dermatol. (2014) 171:650–6. doi: 10.1111/bjd.12940

13. Amber, KT, Valdebran, M, and Grando, SA. Non-desmoglein antibodies in patients with pemphigus vulgaris. Front Immunol. (2018) 9:1190. doi: 10.3389/fimmu.2018.01190

14. Chernyavsky, A, Amber, KT, Agnoletti, AF, Wang, C, and Grando, SA. Synergy among non-desmoglein antibodies contributes to the immunopathology of desmoglein antibody-negative pemphigus vulgaris. J Biol Chem. (2019) 294:4520–8. doi: 10.1074/jbc.RA118.006743

15. Kitajima, Y. 150(th) anniversary series: Desmosomes and autoimmune disease, perspective of dynamic desmosome remodeling and its impairments in pemphigus. Cell Commun Adhes. (2014) 21:269–80. doi: 10.3109/15419061.2014.943397

16. Spindler, V, Eming, R, Schmidt, E, Amagai, M, Grando, S, Jonkman, MF, et al. Mechanisms causing loss of keratinocyte cohesion in pemphigus. J Invest Dermatol. (2018) 138:32–7. doi: 10.1016/j.jid.2017.06.022

17. Egu, DT, Schmitt, T, and Waschke, J. Mechanisms causing acantholysis in pemphigus-lessons from human skin. Front Immunol. (2022) 13:884067. doi: 10.3389/fimmu.2022.884067

18. Schmitt, T, and Waschke, J. Autoantibody-specific signalling in pemphigus. Front Med (Lausanne). (2021) 8:701809. doi: 10.3389/fmed.2021.701809

19. Egu, DT, Schmitt, T, Ernst, N, Ludwig, RJ, Fuchs, M, Hiermaier, M, et al. EGFR inhibition by erlotinib rescues desmosome ultrastructure and keratin anchorage and protects against pemphigus vulgaris igG-induced acantholysis in human epidermis. J Invest Dermatol. (2024) 144:2440–52. doi: 10.1016/j.jid.2024.03.040

20. Beggs, RR, Rao, TC, Dean, WF, Kowalczyk, AP, and Mattheyses, AL. Desmosomes undergo dynamic architectural changes during assembly and maturation. Tissue Barriers. (2022) 10:2017225. doi: 10.1080/21688370.2021.2017225

21. Mao, X, Sano, Y, Park, JM, and Payne, AS. p38 MAPK activation is downstream of the loss of intercellular adhesion in pemphigus vulgaris. J Biol Chem. (2011) 286:1283–91. doi: 10.1074/jbc.M110.172874

22. Han, J, Lee, JD, Bibbs, L, and Ulevitch, RJ. A MAP kinase targeted by endotoxin and hyperosmolarity in mammalian cells. Science. (1994) 265:808–11. doi: 10.1126/science.7914033

23. Tan, Y, Rouse, J, Zhang, A, Cariati, S, Cohen, P, and Comb, MJ. FGF and stress regulate CREB and ATF-1 via a pathway involving p38 MAP kinase and MAPKAP kinase-2. EMBO J. (1996) 15:4629–42. doi: 10.1002/j.1460-2075.1996.tb00840.x

24. Spindler, V, Rötzer, V, Dehner, C, Kempf, B, Gliem, M, Radeva, M, et al. Peptide-mediated desmoglein 3 crosslinking prevents pemphigus vulgaris autoantibody-induced skin blistering. J Clin Invest. (2013) 123:800–11. doi: 10.1172/JCI60139

25. Rötzer, V, Hartlieb, E, Vielmuth, F, Gliem, M, Spindler, V, and Waschke, J. E-cadherin and Src associate with extradesmosomal Dsg3 and modulate desmosome assembly and adhesion. Cell Mol Life Sci. (2015) 72:4885–97. doi: 10.1007/s00018-015-1977-0

26. Mao, X, Li, H, Sano, Y, Gaestel, M, Mo Park, J, and Payne, AS. MAPKAP kinase 2 (MK2)-dependent and -independent models of blister formation in pemphigus vulgaris. J Invest Dermatol. (2014) 134:68–76. doi: 10.1038/jid.2013.224

27. Jolly, PS, Berkowitz, P, Bektas, M, Lee, H-E, Chua, M, Diaz, LA, et al. p38MAPK signaling and desmoglein-3 internalization are linked events in pemphigus acantholysis. J Biol Chem. (2010) 285:8936–41. doi: 10.1074/jbc.M109.087999

28. Sawant, M, Schwarz, N, Windoffer, R, Magin, TM, Krieger, J, Mücke, N, et al. Threonine 150 phosphorylation of keratin 5 is linked to epidermolysis bullosa simplex and regulates filament assembly and cell viability. J Invest Dermatol. (2018) 138:627–36. doi: 10.1016/j.jid.2017.10.011

29. Meir, M, Burkard, N, Ungewiß, H, Diefenbacher, M, Flemming, S, Kannapin, F, et al. Neurotrophic factor GDNF regulates intestinal barrier function in inflammatory bowel disease. J Clin Invest. (2019) 129:2824–40. doi: 10.1172/JCI120261

30. Wöll, S, Windoffer, R, and Leube, RE. p38 MAPK-dependent shaping of the keratin cytoskeleton in cultured cells. J Cell Biol. (2007) 177:795–807. doi: 10.1083/jcb.200703174

31. Hartlieb, E, Rötzer, V, Radeva, M, Spindler, V, and 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) 289:17043–53. doi: 10.1074/jbc.M113.489336

32. 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:e50696. doi: 10.1371/journal.pone.0050696

33. Egu, DT, Sigmund, AM, Schmidt, E, Spindler, V, Walter, E, and 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. (2020) 182:987–94. doi: 10.1111/bjd.18237

34. Schmitt, T, Egu, DT, Walter, E, Sigmund, AM, Eichkorn, R, Yazdi, A, et al. Ca2+ signalling is critical for autoantibody-induced blistering of human epidermis in pemphigus. Br J Dermatol. (2021) 185:595–604. doi: 10.1111/bjd.20091

35. Cirillo, N, AlShwaimi, E, McCullough, M, and Prime, SS. Pemphigus vulgaris autoimmune globulin induces Src-dependent tyrosine-phosphorylation of plakophilin 3 and its detachment from desmoglein 3. Autoimmunity. (2014) 47:134–40. doi: 10.3109/08916934.2013.866100

36. Chernyavsky, AI, Arredondo, J, Kitajima, Y, Sato-Nagai, M, and Grando, SA. Desmoglein versus non-desmoglein signaling in pemphigus acantholysis: characterization of novel signaling pathways downstream of pemphigus vulgaris antigens. J Biol Chem. (2007) 282:13804–12. doi: 10.1074/jbc.M611365200

37. Walter, E, Vielmuth, F, Wanuske, M-T, 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

38. Biscardi, JS, Maa, MC, Tice, DA, Cox, ME, Leu, TH, and Parsons, SJ. c-Src-mediated phosphorylation of the epidermal growth factor receptor on Tyr845 and Tyr1101 is associated with modulation of receptor function. J Biol Chem. (1999) 274:8335–43. doi: 10.1074/jbc.274.12.8335

39. Kugelmann, D, Rötzer, 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

40. Walter, E, Vielmuth, F, Rotkopf, L, Sárdy, M, Horváth, ON, Goebeler, M, et al. Different signaling patterns contribute to loss of keratinocyte cohesion dependent on autoantibody profile in pemphigus. Sci Rep. (2017) 7:3579. doi: 10.1038/s41598-017-03697-7

41. Meier, K, Holstein, J, Solimani, F, Waschke, J, and Ghoreschi, K. Case report: apremilast for therapy-resistant pemphigus vulgaris. Front Immunol. (2020) 11:588315. doi: 10.3389/fimmu.2020.588315

42. Sigmund, AM, Winkler, M, Engelmayer, S, Kugelmann, D, Egu, DT, Steinert, LS, et al. Apremilast prevents blistering in human epidermis and stabilizes keratinocyte adhesion in pemphigus. Nat Commun. (2023) 14:116. doi: 10.1038/s41467-022-35741-0

43. Tucker, DK, Stahley, SN, and Kowalczyk, AP. Plakophilin-1 protects keratinocytes from pemphigus vulgaris IgG by forming calcium-independent desmosomes. J Invest Dermatol. (2014) 134:1033–43. doi: 10.1038/jid.2013.401

44. Ellebrecht, CT, and Payne, AS. Plakophilins, desmogleins, and pemphigus: the tail wagging the dog. J Invest Dermatol. (2014) 134:874–6. doi: 10.1038/jid.2013.491

45. Neuber, S, Mühmer, M, Wratten, D, Koch, PJ, Moll, R, and Schmidt, A. The desmosomal plaque proteins of the plakophilin family. Dermatol Res Pract. (2010) 2010:101452. doi: 10.1155/2010/101452

46. Nagler, S, Ghoreishi, Y, Kollmann, C, Kelm, M, Gerull, B, Waschke, J, et al. Plakophilin 2 regulates intestinal barrier function by modulating protein kinase C activity. vitro Tissue Barriers. (2023) 11:2138061. doi: 10.1080/21688370.2022.2138061

47. Bonné, S, van Hengel, J, Nollet, F, Kools, P, and van Roy, F. Plakophilin-3, a novel armadillo-like protein present in nuclei and desmosomes of epithelial cells. J Cell Sci. (1999) 112:2265–76. doi: 10.1242/jcs.112.14.2265

48. Miravet, S, Piedra, J, Castaño, J, Raurell, I, Francí, C, Duñach, M, et al. Tyrosine phosphorylation of plakoglobin causes contrary effects on its association with desmosomes and adherens junction components and modulates beta-catenin-mediated transcription. Mol Cell Biol. (2003) 23:7391–402. doi: 10.1128/MCB.23.20.7391-7402.2003

49. Schmitt, T, Pircher, J, Steinert, L, Meier, K, Ghoreschi, K, Vielmuth, F, et al. Dsg1 and dsg3 composition of desmosomes across human epidermis and alterations in pemphigus vulgaris patient skin. Front Immunol. (2022) 13:884241. doi: 10.3389/fimmu.2022.884241

50. Spindler, V, Dehner, C, Hübner, S, and Waschke, J. Plakoglobin but not desmoplakin regulates keratinocyte cohesion via modulation of p38MAPK signaling. J Invest Dermatol. (2014) 134:1655–64. doi: 10.1038/jid.2014.21

51. Oktarina, DA, Sokol, E, Kramer, D, Jonkman, MF, and Pas, HH. Endocytosis of igG, desmoglein 1, and plakoglobin in pemphigus foliaceus patient skin. Front Immunol. (2019) 10:2635. doi: 10.3389/fimmu.2019.02635

52. Davies, SP, Reddy, H, Caivano, M, and Cohen, P. Specificity and mechanism of action of some commonly used protein kinase inhibitors. Biochem J. (2000) 351:95–105. doi: 10.1042/0264-6021:3510095

53. Ottosen, ER, Sørensen, MD, Björkling, F, Skak-Nielsen, T, Fjording, MS, Aaes, H, et al. Synthesis and structure-activity relationship of aminobenzophenones. A novel class of p38 MAP kinase inhibitors with high antiinflammatory activity. J Med Chem. (2003) 46:5651–62. doi: 10.1021/jm030851s

54. Hanke, JH, Gardner, JP, Dow, RL, Changelian, PS, Brissette, WH, Weringer, EJ, et al. Discovery of a novel, potent, and Src family-selective tyrosine kinase inhibitor. Study of Lck- and FynT-dependent T cell activation. J Biol Chem. (1996) 271:695–701. doi: 10.1074/jbc.271.2.695

55. Thompson, AK, Mostafapour, SP, Denlinger, LC, Bleasdale, JE, and Fisher, SK. The aminosteroid U-73122 inhibits muscarinic receptor sequestration and phosphoinositide hydrolysis in SK-N-SH neuroblastoma cells. A role for Gp in receptor compartmentation. J Biol Chem. (1991) 266:23856–62. doi: 10.1016/S0021-9258(18)54362-3

56. Tang, WJ, and Hurley, JH. Catalytic mechanism and regulation of mammalian adenylyl cyclases. Mol Pharmacol. (1998) 54:231–40. doi: 10.1124/mol.54.2.231

57. Owens, RJ, Catterall, C, Batty, D, Jappy, J, Russell, A, Smith, B, et al. Human phosphodiesterase 4A: characterization of full-length and truncated enzymes expressed in COS cells. Biochem J. (1997) 326:53–60. doi: 10.1042/bj3260053

58. Croons, V, Martinet, W, Herman, AG, Timmermans, J-P, and Meyer, GRd. The protein synthesis inhibitor anisomycin induces macrophage apoptosis in rabbit atherosclerotic plaques through p38 mitogen-activated protein kinase. J Pharmacol Exp Ther. (2009) 329:856–64. doi: 10.1124/jpet.108.149948

59. Xiong, W, Kojic, LZ, Zhang, L, Prasad, SS, Douglas, R, Wang, Y, et al. Anisomycin activates p38 MAP kinase to induce LTD in mouse primary visual cortex. Brain Res. (2006) 1085:68–76. doi: 10.1016/j.brainres.2006.02.015

60. Bébien, M, Salinas, S, Becamel, C, Richard, V, Linares, L, and Hipskind, RA. Immediate-early gene induction by the stresses anisomycin and arsenite in human osteosarcoma cells involves MAPK cascade signaling to Elk-1, CREB and SRF. Oncogene. (2003) 22:1836–47. doi: 10.1038/sj.onc.1206334

61. Stanley, JR, and Amagai, M. Pemphigus, bullous impetigo, and the staphylococcal scalded-skin syndrome. N Engl J Med. (2006) 355:1800–10. doi: 10.1056/NEJMra061111

62. Waschke, J. The desmosome and pemphigus. Histochem Cell Biol. (2008) 130:21–54. doi: 10.1007/s00418-008-0420-0

63. Egu, DT, Schmitt, T, Sigmund, AM, and Waschke, J. Electron microscopy reveals that phospholipase C and Ca2+ signaling regulate keratin filament uncoupling from desmosomes in Pemphigus. Ann Anat. (2022) 241:151904. doi: 10.1016/j.aanat.2022.151904

64. 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. J Invest Dermatol. (2015) 135:1763–70. doi: 10.1038/jid.2015.109

65. Egu, DT, Walter, E, Spindler, V, and 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) 177:1612–8. doi: 10.1111/bjd.15721

66. Egu, DT, Kugelmann, D, and Waschke, J. Role of PKC and ERK signaling in epidermal blistering and desmosome regulation in pemphigus. Front Immunol. (2019) 10:2883. doi: 10.3389/fimmu.2019.02883

67. Burdett, ID, and Sullivan, KH. Desmosome assembly in MDCK cells: transport of precursors to the cell surface occurs by two phases of vesicular traffic and involves major changes in centrosome and Golgi location during a Ca(2+) shift. Exp Cell Res. (2002) 276:296–309. doi: 10.1006/excr.2002.5509

68. Pasdar, M, Krzeminski, KA, and Nelson, WJ. Regulation of desmosome assembly in MDCK epithelial cells: coordination of membrane core and cytoplasmic plaque domain assembly at the plasma membrane. J Cell Biol. (1991) 113:645–55. doi: 10.1083/jcb.113.3.645

69. Adhikary, G, Chew, YC, Reece, EA, and Eckert, RL. PKC-delta and -eta, MEKK-1, MEK-6, MEK-3, and p38-delta are essential mediators of the response of normal human epidermal keratinocytes to differentiating agents. J Invest Dermatol. (2010) 130:2017–30. doi: 10.1038/jid.2010.108

70. Cirillo, N, Lanza, A, and 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) 316:580–92. doi: 10.1016/j.yexcr.2009.10.005

71. Kröger, C, Loschke, F, Schwarz, N, Windoffer, R, Leube, RE, and Magin, TM. Keratins control intercellular adhesion involving PKC-α-mediated desmoplakin phosphorylation. J Cell Biol. (2013) 201:681–92. doi: 10.1083/jcb.201208162

72. Zhao, K-N, Masci, PP, and Lavin, MF. Disruption of spectrin-like cytoskeleton in differentiating keratinocytes by PKCδ activation is associated with phosphorylated adducin. PloS One. (2011) 6:e28267. doi: 10.1371/journal.pone.0028267

73. Godsel, LM, Dubash, AD, Bass-Zubek, AE, Amargo, EV, Klessner, JL, Hobbs, RP, et al. Plakophilin 2 couples actomyosin remodeling to desmosomal plaque assembly via RhoA. Mol Biol Cell. (2010) 21:2844–59. doi: 10.1091/mbc.E10-02-0131

74. Rötzer, V, Breit, A, Waschke, J, and Spindler, V. Adducin is required for desmosomal cohesion in keratinocytes. J Biol Chem. (2014) 289:14925–40. doi: 10.1074/jbc.M113.527127

75. Hiermaier, M, Kliewe, F, Schinner, C, Stüdle, C, Maly, IP, Wanuske, MT, et al. The actin-binding protein α-adducin modulates desmosomal turnover and plasticity. J Invest Dermatol. (2020) 141:1219–29. doi: 10.1016/j.jid.2020.09.022

76. Todorovic, V, Koetsier, JL, Godsel, LM, and Green, KJ. Plakophilin 3 mediates Rap1-dependent desmosome assembly and adherens junction maturation. Mol Biol Cell. (2014) 25:3749–64. doi: 10.1091/mbc.E14-05-0968

77. Strandmoe, A-L, Bremer, J, Diercks, GF, Gostyński, A, Ammatuna, E, Pas, HH, et al. Beyond the skin: B cells in pemphigus vulgaris, tolerance and treatment. Br J Dermatol. (2024) 191:164–76. doi: 10.1093/bjd/ljae107

78. Burmester, IA, Flaswinkel, S, Thies, C-S, Kasprick, A, Kamaguchi, M, Bumiller-Bini, V, et al. Identification of novel therapeutic targets for blocking acantholysis in pemphigus. Br J Pharmacol. (2020) 177:5114–30. doi: 10.1111/bph.15233

79. Boukamp, P, Petrussevska, RT, Breitkreutz, D, Hornung, J, Markham, A, and Fusenig, NE. Normal keratinization in a spontaneously immortalized aneuploid human keratinocyte cell line. J Cell Biol. (1988) 106:761–71. doi: 10.1083/jcb.106.3.761




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 © 2025 Schmitt, Huber, Pircher, Schmidt and Waschke. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fimmu-15-1497241-g003.jpg
15 x zoom

£
Is]
o
N
x|
®

ey,
SOWOSOWSAP [EULION

D ozisowosowseq  Ssewyolyenbeld  eouElSIp enbely  sewosowsep yids  UonezieuwIs| wv_mm.:m._moc_x_ Buueysn|o






OEBPS/Images/fimmu.2024.1497241_cover.jpg
& frontiers | Frontiers in Immunology

The impact of signaling pathways on the
desmosome ultrastructure in pemphigus





OEBPS/Images/fimmu-15-1497241-g008.jpg
Vehicle Vehicle

Overview 5x zoom Overview 5x zoom

O
n
Q
w
O
n
Q
w

)
©
C-lgG

i PV-IgG :

m

SB20

O

SB20

O

C-lgG

PV-lgG

PV-IgG C-IgG

U-73122 U0126 U-73122 U0126

- C-lgG
; C-lgG
! n

PP2 F/ PP2 F/

5|0
Y
L

@
>
>
o

PV-IgG

N B
S
< {8
i

nﬂ
.;U..
|






OEBPS/Images/fimmu-15-1497241-g005.jpg
Clusters

F/R

Monolayer

® . w o 9 :
-— - o ~ -~ o -7
wrl ‘az|s swosowsaqd ,wrl ““ou swosowsaq wrl ‘eoue)sIp unesay|

Clusters

906]-A\d ) 906]-A\d

PP2

Monolayer

Control

(=) v o [[9) o o
o - - IS = 0
wrl ‘ezis swosowsaQ ,-wrl “ou swosowseQ ‘n'e AnewwAse anbe|d \S®_>L®>O wooZ X m”

—_ o561-9 = 561-9 m =5 |BI0JUOD d4is





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

    		Cover



  		

        The impact of signaling pathways on the desmosome ultrastructure in pemphigus

      

        		

          Introduction

        



        		

          Methods

        



        		

          Results

        



        		

          Discussion

        



        		

          Introduction

        



        		

          Results

        

          		

            The composition of desmosomes in cultured cells is similar to that in intact epidermis

          



          		

            Modulation of pemphigus signaling pathways protects against loss of adhesion in HaCaT cells in vitro

          



          		

            Modulation of pemphigus signaling restores PV-IgG-induced alterations in desmosome ultrastructure

          



          		

            Signaling pathway modulation prevents PV-IgG-induced alterations in the distribution of desmosomal proteins

          



        



        



        		

          Discussion

        

          		

            Desmosomes in HaCaTs are most similar to those at the epidermal basal layer-spinous layer interface

          



          		

            Pemphigus-IgG-induced signaling reverts desmosomes to an immature state

          



          		

            Signaling pathways play distinct roles in the regulation of the desmosomal Dp plaque ultrastructure

          



          		

            Conclusion: Signaling molecules rescuing desmosome ultrastructure may become targets for new therapy approaches in pemphigus

          



        



        



        		

          Materials and methods

        

          		

            Cell culture

          



          		

            Mediators and staining antibodies

          



          		

            Pemphigus sera and IgG

          



          		

            Dispase-based dissociation assay

          



          		

            Human skin samples

          



          		

            STED (Stimulated emission depletion) microscopy

          



          		

            Image processing and statistical analysis

          



        



        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/table2.jpg
Antibody. Specie: Supplier. Ratio

aniDsgl-pAb o2 Abdonl, N
aniDsgh pAb Rabbic @no1w Biowol DE 120
Antcytokerainpunmab  Mowse cam Sigma Aldich USA 120

antiDp -pAb Mo A Abcam, GB 120





OEBPS/Images/fimmu-15-1497241-g009.jpg
Vehicle Vehicle

Overview 5x zoom Overview 5x zoom
Dsg1
Dp

Dsg1
Ker

o
>
o

Aniso

i PV-IgG
-
v
m -

SB20

O

C-IgG

PV-IgG

. uU-rs122 . U0126 U-73122 U0126

C-lgG

C-lgG

PP2 F/

C-lgG

DE
5
|

@
>
>
o

PV-IgG

.;U.-
|






OEBPS/Images/fimmu-15-1497241-g007.jpg
ol o w0 o Yol o o] o
i -~

~

e (3]
= )

=
x X

¢6sQq sjexid pnoiBjoeq Jo "oN £Bsq sjexid pnoiBxoeq Jo "oN ¢Bsq sjexid pnobxoeq Jo “ON

|
‘ __100\,,
o, "R

o) o [te] o = S S
- - 15} 13 -
1B6sq sjexid pnouboeq Jo 'oN 1Bsq sjexid pnoaboeq jo ‘oN 1Bsq sjexid pnoJBsjoeq Jo "oN ‘v ‘Buiiess gbsq Ausueiu|
MdVIN ged AIEL dINVO siaploq ||8D
— p— —
0 h o = N
L ]
%
o
9. E
O |u
‘ %
5.
L ] LN ] QJO o
% o
RS
=
O (=)
° o% o) -]
A S
2.7 %
O %
€ D
o\,\\o\ (o]
%5 |m
9
5 |8
7~ |0
0, 2 ln
%,
(3
* s,
%Ao\.
Ay %
s 0.
T g 8 8 ° %8
x = @ Y -
1Bsq@ sjexid pnoibxoeq Jo "ON 1LBs@ sjexid pnoibyoeq Jo "ON 1Bs@ sjexid pnoibxoeq Jo "oN ‘N ‘Buiuess 16sq Aususiu

= AdVIA 8¢ed < o1d < 9IS = Si9ploq |80

00

‘n'v ‘Buiueys g6sqa Aususyul

Jejn|ied

‘n'v ‘Buiuieys | Bsq Aususyul

Jejn|ied






OEBPS/Images/fimmu-15-1497241-g002.jpg
i#-104u0)

-ty jh
yo 1m
3 —E=tu v Elo
2’ | E
« B g +T wm_.>a7R o
r £ o ~
- \ ob1-0 |+ G Tm
\ ‘ , - Sl
m,% 9 ’ obl >n_7m UV ElS
- s Hios1-0 [ uo I3
ik Y » HEFoBI-Ad | § &
S m& o = D 00
D KFob1-0 5 o %E
JE WA HEITFobIAd | o
R & . abin 1€
= H-o61-0 - = 2 R ﬂ
- N | 1 eco - M T o f@
o W e A eo6I-Ad o
LI Y w0
*HFOb1-0 £ ) €3
o K /@ 0 @m_.>a70 _m ™ , ?I
ol | N O
N , dpobl-0 |p W -
< - o | o6|-Ad < E
> Fobo 1= JE »
961-0  96|-A\d WIW_._ T T T 1 St -
) = 52 sjuswbely Jo ‘ON = U0 y 2 |0Jju0)

L
<
N

Oh

PBS
PBS

—

(«}]

EGTA2.5/5 mM

ﬁ






OEBPS/Images/logo.jpg
, frontiers | Frontiers in Immunology





OEBPS/Images/fimmu-15-1497241-g004.jpg
p38 MAPK

PLC

Sre

Desmoplakin distance, um

- N
(4] o

Desmosome no., gm'’
N
o

0.5
0.0
OO0 00 00
RSO CERECRE)
£ ’ # A’ ’, ’
Uy oy o
Veh. SB20 EO
£ 0.15
- *
=
go.10
©
}% £
Tgo.os & & 4 ik
£
7]
a
0.00
E
-
S
=
[0)
£
(o]
[%2]
[o]
£
[}
O
[a]
g0.15
= X
g * *
So.10
©
-% |
3005 & THTRe
£
[}
a
0.00

N
o

Py
[3,]

_q
Desmosome no., ym
o =
o o

o
o

o o o
o — -
[&)] o [6)]

o©
o
S

[}

FEDa -t

1.0
€
S
19}
N
7]
()
g 0.5
o
@
[o]
1S
7]
o}
[a]

0.2
Eo.
]
EO.
Q
=0.
)
=
&o.
o
0.00 T
(CANCRNC) (CINC)
,\Q )Q ,\Q }Q }Q '\Q
(¢} QA S QA ¢ QA
Veh. SB20 EO

1.0

Desmosome size, ym
o
[¢)]

o
-
[¢)]

o
o
a

Plaque thickness,
o
=)

0.00

-
o

0.5

Desmosome size, um

o
o

0.25

o o o o
o = N N
a o @] o

Plaque thickness, ym

o
o
=)

d)

MEK1/2

Desmoplakin distance, um

f)

cAMP

Desmoplakin distance, um

p38 MAPK

I
o

1.5

1.0

Desmosome no., gm'’’

£0.15

> *
8 =
So10

° -~
-_(% |
5.0.05

[e) —

£

7]

[

20.00

-1
Desmosome no., ym

o ©

o

0.00

Desmosome no., pm’1

o ©

o

0.00:

-
o

Desmosome size, pm
o
(6]

0.25

© o o o
= S )
a o o o

Plaque thickness, ym
)

o
o
o)

£
=
<
N
[72]
[0}
£
o
[72]
o
£
[}
[0
a
0.25 .
%020 —
g
gos -
S Y e
S0.10q = pbs [
[0 1
=
80.05
o
0.00
1.0
£
= %
I _%
[72]
[0}
£ 05
4 59
g & 5y =
[0
a
O O 0 0
PN S IS
CAP AN
Veh. FR
0.25
Eo20{ > —*
gos -
S Pl
£0.104 o 3
[0 1
=
80.05
o

o
o
S






OEBPS/Images/fimmu-15-1497241-g006.jpg
1.0

wn ‘azis swosowsa(

0.0

Repletion

|0JU0D

30

Depletion
EGTA
d) 0.25

[eYilile}e)

c
v
— N
1h
2.5 mM

30 min

Depletion
EGTA

o
v
o
—_
(&)

o (e} o (g}
N = v Q
o o o o
win ‘ssauyoly} anbe
i
x
"
\
*i e
B
v
%
!
%
H
o (g}
e <
o

o
I ‘@ouelsip anbe|d

o

0.00

Repletion

0.00

Repletion

|0JJU0D

cvmi
yo

Y vl

<
=
= k=
clo
Yo %

=
_|E
o

y jh
yo
U g

yo

3

Depletion
EGTA

|0JJU0D

30min 1h
2.5

Depletion
EGTA

EGTA 5mM

2.5 mM
30 min

)

e

1h

1h

30 min

e
o

Yvc

|0JJU0D





OEBPS/Images/fimmu-15-1497241-g001.jpg
Colocalization

Colocalization Colocalization

i
;

Colocalization

Dp
Pg

b) 20
2
g x
*S' #
'<—§10 ; . : #
> iy c |
8 H :;&' rl-l ﬂ [ o ol
< 54 I » I
4 beot |






OEBPS/Images/table1.jpg
Target

DsoPBS
SO0 (S820) | pIMAPK

£01428 (£0) PIMAPK
Ansomyein PRAPK

woize MEx12

w s

vz e

fonkoln Adenpteeylse
Rolipram Prosphodiosersse-

EGTA o

Function

Vehide

Inbibior

Inibior
Acivtor
it
Inbibior
b
Acivor
inbibior

Chelator

Concentration

11000

W

2505

e

w

W

w

my

Cat. No.

276855

s

2908

10522

9903

s29573

wcasmh

R

Res20

o

Supplier
Sigma Aldich UsA
Cell signling, UsA

Torcis Bio-
Techne, DE

Sigma Aldich USA
Calsignaing UsA
Calbiochem, DE
Sonta Cru, USA
Sigma Aldich USA
Sigma Aldich USA

VWR,DE





