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Editorial on the Research Topic 


Autoimmune Blistering Diseases, volume II


Autoimmune blistering diseases (AIBDs) are intractable and potentially fatal autoimmune diseases, characterized clinically by cutaneous and/or mucosal blistering lesions. AIBDs are classified into two major groups, pemphigus and pemphigoid diseases, which show autoantibodies against keratinocyte cell surface proteins and epidermal/epithelial basal membrane zone (BMZ) proteins, respectively. Although major AIBD autoantigens have been identified and novel methods for detection of various autoantibodies/autoantigens have been developed, the final diagnoses cannot be made in a considerable number of AIBD cases, mainly because there are still some unidentified autoantigens. Various in vitro and in vivo experimental models for AIBDs have been established, shedding light on the pathogenic mechanisms. Key inflammatory pathways of most AIBDs are still incompletely understood, and safe and effective treatments remain to be established.

In the present Research Topic, 37 articles regarding diagnostic developments, pathogenic studies, evaluation of current treatment options, and new treatment protocols for AIBDs were collected.

For the convenience of the readers, we classified the articles into the 5 categories with the following subheadings.

	(1) Diagnostic developments - 8 articles

	(2) Studies on the pathogenesis - 16 articles

	(3) Advances in treatment options – 4 articles

	(4) Comprehensive summaries of large cohorts of specific AIBD subtypes

	- 4 articles

	(5) Reviews and opinions on AIBDs - 5 articles





1 Diagnostic developments

Kuang et al. presented a unique mucous membrane pemphigoid (MMP) case with only oral mucosal lesions, which revealed none of the known MMP autoantigens. However, this case showed autoantibodies against laminin γ1 and serum levels of anti-laminin γ1 IgA correlated with the disease activity. Therefore, laminin γ1 was considered as a novel MMP autoantigen, and the name of anti-laminin γ1 MMP was proposed. Another important finding in this patient was that autoantibodies against laminin α5 were also detected for the first time, although their pathogenic significance is currently unknown.

Qian et al. established novel ELISA assays with high sensitivities using peptides of desmoglein 1 (Dsg1), Dsg3 and BP180 as substrates, which were useful to identify the epitopes on the autoantigens. In this article, by combination with conventional ELISAs and immunoblotting methods, these novel ELISA assays were useful to follow a complicated AIBD patient for one year. This patient started as bullous pemphigoid (BP) and relapsed as concurrence of BP and mucosal-dominant-type pemphigus vulgaris (PV).

Recently, two indirect immunofluorescence tests have been developed, based on the expression of recombinant laminin 332 on the cell surface of HEK293 cells (biochip mosaic assay) and the migration trails of cultured keratinocytes rich in laminin 332 (keratinocyte footprint assay), respectively. The former test is highly standardized and widely available. Goletz et al. compared these two assays using sera of 54 anti-laminin 332 MMP patients and confirmed that both assays are highly sensitive and specific for diagnosis of anti-laminin 332 MMP. Testing for anti-laminin 332 serum IgG is of clinical importance, since a malignancy can be found in about a quarter of MMP patients with these autoantibodies.

Immune checkpoint inhibitors activate T-cell-mediated anti-tumor responses, whereas 1% of the treated patients developed immune checkpoint inhibitor-induced BP. Schauer et al. collected eight patients, who developed BP during or shortly after immune checkpoint inhibitor treatment. Analyses suggested that the immune checkpoint inhibitor-treated patients, who show abrupt onset of exanthematous or bullous eruptions, should be promptly screened by BP-specific diagnostic tests. Topical corticosteroids were sufficient in mild cases, but additional immunosuppressive agents were frequently required, while rituximab appeared as a good treatment option for severe cases.

Maglie et al. reported a rare female BP patient with concomitant localized scleroderma and cutaneous and genital lichen sclerosus. Similar cases in literature were reviewed, and possible immunological mechanisms were discussed. This case suggested that different diseases, i.e., BP and sclerosing dermatoses, might be caused by an immune activation against the same autoantigen.

Di Zenzo et al. reported a recessive dystrophic epidermolysis bullosa (DEB) patient with compound heterozygous null and missense COL7A1mutations, who experienced a rapid disease worsening accompanied by the onset of generalized severe itch. Positive tissue-bound and circulating IgG autoantibodies against BP180 led to the diagnosis of BP. The authors concluded that DEB patients presenting with rapid disease progression should be investigated for the development of a concomitant AIBD.

Schauer et al. reported 2 severe and recalcitrant female cases of mechanobullous-type epidermolysis bullosa acquisita (EBA). However, both patients also showed heterozygous recessive COL7A1 variants in a monoallelic state. Furthermore, type VII collagen (COL7) in cultured keratinocytes of these cases was significantly more vulnerable to proteolytic degradation than control keratinocytes, suggesting that the heterozygous pathogenic variants were sufficient to destabilize the molecule.

Lehr et al. screened anti-BP180 autoantibodies in 258 hereditary epidermolysis bullosa patients including 19 epidermolysis bullosa simplex, 8 junctional epidermolysis bullosa and 231 DEB patients. They found that 22% of the patients were positive for anti-BP180 autoantibodies, with higher positive rate (52.8%) in severe DEB. Among these patients, 6 (2.33%) patients showed clinical features of AIBD with positive results in indirect immunofluorescence. Combined analyses of the 6 cases and 4 similar cases in the literature suggested that hereditary epidermolysis bullosa patients have a predisposition for the development of AIBD, and therefore may be evaluated for coexistent AIBD.




2 Studies on the pathogenesis

Although MMP mucosal lesions, except for the lesions of the oral cavity, frequently lead to scarring, the mechanisms of scar development are largely unknown. Patzelt et al. found increased collagen fibril density in skin and conjunctival lesions in an antibody-transfer mouse model of anti-laminin 332 MMP, implying the changes in the collagenous matrix and cross-linking patterns involved in the mechanism of scar development in IgG-mediated MMP. However, further anti-fibrotic therapy using disulfiram, an inhibitor of the aldehyde dehydrogenase, failed to reduce the fibrosis or alleviate the disease activity on oral and ocular lesions of MMP mice, indicating that further studies with various anti-fibrotic treatments are required to clarify the mechanisms.

Bao et al. investigated the potential contribution of anti-laminin 332 autoantibodies to the expression of inflammatory factors in keratinocyte by RNA-seq of primary human keratinocytes stimulated by IgG anti-laminin 332 autoantibodies purified from patients with anti-laminin 332 MMP. Gene expressions of numerous cytokines and chemokines were upregulated. Further experiments using IgG autoantibodies against specific subunits of laminin 332 revealed upregulations of IL-1α and IL-6 at the protein level, most notably in keratinocytes treated with anti-laminin β3 antibodies.

Wang et al. performed an observational case-control study to explore the gene polymorphism of various cytokines and their clinical significance in 61 Chinese patients with BP. IL-13 showed significant differences in the nucleotide ratio, genotype, haploid frequency, and haplotype. Furthermore, IL-13 variants (rs20541, rs1800925) were related to gender, and the IL-13 genotype was significantly associated with recurrence. In addition, IL-13 concentrations in BP sera were significantly higher than those in healthy controls. These results indicated that IL-13 could be a potential target for therapy and marker for prognosis in BP.

To investigate the complement-related mechanism in BP, Emtenani et al. first performed a transcriptome analysis of perilesional and non-lesional skin biopsies of BP patients and identified upregulated expression of complement-associated genes, such as C5aR1 and C5aR2. In early skin lesions of BP patients, T cells and macrophages were found as the dominant cellular sources of C5aR1, while C5aR2 was mainly expressed on mast cells and eosinophils. Functional experiments indicated that C5a/C5aR1 axis was pivotal for attracting inflammatory cells to the skin, substantiating the involvement of C5a/C5aR1 axis in the pathogenesis of BP.

Wen et al. studied the potential contribution of scratching in the pathogenesis of experimental EBA in mice. As early as 12 hours after injection of anti-COL7 IgG into the skin of mice, an increased frequency of scratching appeared. Application of local anesthetic, dyclonine hydrochloride, before injection of anti-COL7 IgG could reduce the scratching events and improved clinical disease manifestation. However, administration of dyclonine hydrochloride 24 hours after injection of anti-COL7 IgG only inhibited the scratching behavior, but not clinical disease development. Therefore, scratching behavior may contribute to the initiation phase of disease manifestation in experimental EBA.

Tukaj et al. studied the potential pathogenic role of anti-heat shock protein 70 (Hsp70) autoantibodies in EBA. Compared to healthy controls, EBA patients had significantly elevated levels of circulating anti-Hsp70 IgG autoantibodies, which were positively correlated with serum levels of pro-inflammatory interferon gamma. Elevated serum levels of anti-Hsp70 IgG autoantibodies were also found in the passive transfer mouse model of EBA. In addition, anti-Hsp70 IgG antibody treatment led to pronounced dermal neutrophil infiltration and increased NF-κB activity in this model.

Ghorbanalipoor et al. employed three different mouse models of pemphigoid diseases, including antibody transfer-induced MMP, antibody transfer-induced EBA and immunization-induced EBA, to analyze the kinase activity. They found that PI3Kdelta was within the kinome activation network in antibody transfer-induced MMP and immunization-induced EBA, but not in antibody transfer-induced EBA. Parsaclisib, a selective inhibitor to PI3Kdelta, showed therapeutic effects in both antibody transfer-induced MMP and immunization-induced EBA, but not in autoantibody-induced EBA. These data indicated that cutaneous kinase activity of inflamed skin may correlate with treatment outcomes following PI3Kdelta inhibition in experimental mouse models of pemphigoid diseases.

IgG levels are maintained by IgG-recycling neonatal Fc-receptor (FcRn). To assess the impact of FcRn antagonism by efgartigimod on pemphigus-related immunological parameters, Maho-Vaillant et al. examined pemphigus patients during and after treatment with efgartigimod in combination with prednisolone. The treatment resulted in reduction of both total IgG and autoreactive IgG antibody levels. In several patients, autoreactive antibody levels remained low after stopping the efgartigimod treatment. Antigen-specific analyses revealed a loss of Dsg-specific B cells in several patients responding to efgartigimod, in line with prolonged reduction of pathogenic IgG levels. Therefore, efgartigimod treatment improved the pemphigus lesions via an immunomodulatory effect by the blockade of IgG recycling.

To study the pathogenesis of pemphigus foliaceus (PF), Hiermaier et al. analyzed the fate of membrane-bound Dsg1 in HaCaT cells, which were treated with IgG of PF patients. PF-IgG-induced loss of intercellular adhesion could be ameliorated by suppression of Ca2+ and ERK1/2 signaling. PF-IgG reduced the extra-desmosomal Dsg1, and remained Dsg1 was still located inside desmosomes. The intra-membrane mobility and localization of Dsg1 induced by PF-IgG was also reverted by suppression of Ca2+ signaling. Therefore, IgG anti-Dsg1 autoantibodies may contribute to the pathogenesis of PF by redistribution predominantly of membrane-bound Dsg1 at extra-desmosomal sites in a Ca2+ signaling dependent manner.

Schmitt et al. investigated the number of desmosomes and Dsg1 and Dsg3 composition in PV skin using super-resolution microscopy, with healthy skin as control. The number of desmosomes in patient skin was reduced significantly in the keratinocytes at basal and spinous layers, where only few split desmosomes were found. Desmosomes and Dsg1 and Dsg3 in extra-desmosomal sites were depleted predominantly in lower epidermis in PV. These results support the hypothesis that pemphigus is a desmosome assembly disease and may help to explain histopathologic differences among distinct pemphigus types.

Kugelmann et al. studied the role of sheddases, ADAM10 and ADAM17, both on the keratinocyte adhesion and on the pathogenesis of PV. In primary human keratinocytes, ADAM10 inhibition enhanced cell adhesion and shifted keratinocyte adhesion towards a hyperadhesive state, while ADAM10 did not modulate the protein levels of Dsg1 and Dsg3. In keratinocytes treated with IgG from mucocutaneous-type PV patients, ADAM10 inhibition reduced the loss of cell adhesion and fragmentation of Dsg1 and Dsg3. In keratinocytes treated with IgG from two mucosal-dominant-type PV and a monoclonal antibody against Dsg3, ADAM10 inhibition decreased fragmentation of cells in dissociation assay. However, these protective effects of ADAM10 inhibition were not observed when cells were treated with another PV-IgG containing more anti-Dsg1 autoantibodies.

In the studies of the potential contribution of UVA in the pathogenesis of PV by Eichkorn et al., they first showed that UVA induced the secretion of innate cytokines, including IL-1α, IL-1β, IL-6 and IL-8, in spontaneously immortalized keratinocyte cell line HaCaT. However, stimulation with PV-IgG alone did not result in a significant increase in cytokine release. Next, they showed that UVA enhanced PV-IgG induced acantholysis in a caspase dependent manner. Therefore, UVA is considered as a caspase-dependent exogenous cofactor for acantholysis, and local innate immune responses may contribute to overt clinical blister formation induced by autoantibodies of PV.

Drenovska et al. investigated the association of specific HLA alleles and haplotypes in 56 PV patients in the Bulgarian population, using 204 healthy individuals as control. HLA allele and haplotype distribution among Bulgarian patients with PV is similar to the already established results, i.e., predisposing associations with DRB1*14, DRB1*04:02, B*38, B*55, whereas DRB1*03:01 alleles and the corresponding haplotypes were significantly decreased in PV patients from the Bulgarian population. In addition, frequencies of PV-specific alleles HLA-A*01 and DRB1*11 were decreased in Bulgarian PV patients.

Baker et al. assessed correlations between factors including HLA genotype, ethnicity, autoantibody levels, and lesion distribution in a cohort of 293 PV patients. Patients typing as HLA DRB1*0402 had higher levels of anti-Dsg3 antibodies, while patients typing as DQB1*0503 had higher levels of anti-Dsg1 antibodies. The authors also identified an HLA association of DRB1*0804 in PV patients of African descent. Patients that carried neither DRB1*0402, nor DQB1*0503 or DRB1*0804 had the lowest levels of anti-Dsg3 antibodies and the highest rate of solely cutaneous disease compared to carriers of these alleles. These results indicated that differences of HLA expression and ethnicities play a large role on antibody selection and disease phenotype in PV.

Golinski et al. investigated the distribution and in vitro pathogenicity of anti-Dsg3 IgG subclasses during the disease course of PV. Percentages of patient sera, which contained 2 or more subclasses of anti-Dsg3 antibodies were 63% at baseline, 36% at complete remission stage, and 75% at persistent disease activity stage. The presence of 3 or more subclasses was a predictive factor for relapse, particularly when IgG3 antibodies were included. Both IgG4 and IgG3 subclasses of anti-Dsg3 antibodies had potentially pathogenic effects, particularly the higher levels of IgG4 antibodies. These results suggest that the serum levels and numbers of subclasses of IgG anti-Dsg3 antibodies predict the pathogenic effect of PV and the occurrence of relapses.

Wang et al. demonstrated the pathogenic roles of autoantibodies against the C-terminus of desmoplakin in paraneoplastic pemphigus (PNP) by using in vitro dispase-dependent keratinocyte dissociation assay and passive transfer neonatal mouse model, using IgG autoantibodies against C-terminus of desmoplakin purified from patient sera. These results further emphasize the importance of anti-desmoplakin autoantibodies in the pathogenesis of PNP.




3 Advances in treatment options

Rituximab efficacy has been demonstrated in small series of severe MMP cases refractory to conventional immunosuppressants. Bohelay et al. performed a retrospective single-center study on rituximab efficacy in 109 severe and/or refractory MMP patients with a median follow-up period of 51.4 months. The median periods to disease control and to complete remission were 7.1 months and 12.2 months, respectively. One year after rituximab weaning, complete remission could be obtained in two thirds of patients. Relapse occurred in about one third, and complete remission could be achieved again in most of these patients. In addition, 5 patients were non-responders to rituximab. This large cohort study with long term follow-up further confirmed both the efficacy and the limitations of rituximab in severe and/or refractory MMP.

Mise et al. reported on a single-center retrospective study about rituximab efficiency in pemphigus patients in Croatia. In total 19 patients with the mean follow-up time of 24.1 months were included. Thirteen out of 19 patients achieved complete remission during the study time. One patient developed a treatment-related-adverse event of infectious etiology (cellulitis). Rituximab was an effective treatment for pemphigus patients in Croatia with benefits of reductions of corticosteroid doses and steroid-related side effects, although repeated treatment cycles were often needed to achieve complete remission because of higher relapse rates. Optimized protocol of the rituximab treatment and identification of predictive markers for relapse may improve the management of pemphigus patients.

Zhang et al. studied the efficacy of dupilumab on moderate-to-severe BP patients by comparison of two groups, dupilumab group (8 patients) and conventional group (16 patients). No adverse event related to dupilumab was recorded. Compared to the conventional group, patients in the dupilumab group showed a shorter time for cessation of new blister formation, shorter time for the reduction of the systemic corticosteroids to minimal dose, and lower total amount of methylprednisolone and azathioprine. These results indicated that dupilumab combined with methylprednisolone/azathioprine might be superior to methylprednisolone/azathioprine alone in control of disease and tapering of corticosteroids for moderate-to-severe BP.

Alexandre et al. conducted a retrospective study to evaluate the effectiveness of omalizumab, a humanized monoclonal anti-IgE antibody, in 13 first-line therapy-resistant patients with BP or MMP with median total follow-up time of 30 months. This case series demonstrated that omalizumab is an effective biologic therapy for refractory BP and MMP, permitting rapid disease control and reduction of concomitant therapeutics, although 2 (15%) patients showed therapeutic failure.




4 Comprehensive summaries of large cohorts of specific AIBD subtypes

Qian et al. summarized and analyzed the clinical, pathological and immunological features of 133 anti-laminin 332-type MMP cases. Clinically, 89% and 43% patients had oral and ocular mucosal lesions, respectively, 71% had cutaneous lesions, and 17% had associated malignancies. Patient sera most frequently reacted with the laminin γ2 subunit (58%). In addition, one third of patients additionally reacted with non-laminin 332 autoantigens, which may contribute to the complexity in anti-laminin 332-type MMP.

Quintarelli et al. summarized clinical features, survivals, comorbidities, and treatment regimens in 149 pemphigus patients in Tuscany, Italy, for the recent 12 years. These patients included 108 PV, 35 PF, 3 PNP and 3 IgA pemphigus patients. Pemphigus patients showed a high incidence of serious comorbid diseases, including cerebro accidents, cardiovascular accidents and malignancies, highlighting the importance of a multidisciplinary approach for a proper management of pemphigus patients.

Anti-desmocollin (Dsc) antibodies were considered to be associated with several particular types of pemphigus, but have been rarely described in previous studies for various types of pemphigus. Bosch-Amate et al. conducted a systematic review by summarizing clinicopathological and immunological features and outcome in anti-Dsc autoantibodies-positive pemphigus patients. They collected 93 cases, including 38 (41%) cases with only anti-Dsc autoantibodies and 55 (59%) cases with anti-Dsc antibodies and other autoantibodies. In patients with only anti-Dsc autoantibodies, 17 cases had only IgG antibodies, 16 had only IgA antibodies, and 5 had both IgG and IgA antibodies. Both in patients with exclusive IgG anti-Dsc autoantibodies and in patients with both anti-Dsc antibodies and other autoantibodies, conventional pemphigus treatments and rituximab were good therapeutic options. For patients with IgA anti-Dsc autoantibodies, systemic corticosteroids followed by dapsone or retinoids were effective. In addition, cases with IgA or IgG/IgA antibodies were frequently associated with malignancies or other autoimmune diseases.

Pemphigoid nodularis is a rare form of pemphigoid with clinical features of prurigo nodularis and immunological features of BP. Szymanski et al. reported 5 female patients with confirmed pemphigoid nodularis with long time follow-up, and analyzed their clinical, immunological and therapeutic features. Although pemphigoid nodularis has been reported to be associated with drugs, these 5 patients could exclude drugs as provocative factors. Importantly, combination of topical clobetasol propionate on the entire body and antidepressants was effective in this study.




5 Reviews and opinions on AIBDs

Cole et al. reviewed complement-independent mechanisms involved in the pathogenesis of BP. Complement-independent pathways, such as macropinocytosis of IgG-BP180 complexes resulting in depletion of cellular BP180, may contribute to tissue damage and subepidermal blister formation in BP. These mechanisms may open new perspectives on novel targeted treatment modalities.

Xie et al. conducted a systematic review on coexistence of anti-p200 pemphigoid and psoriasis. A close association between psoriasis and anti-p200 pemphigoid has been demonstrated by previous studies. A total of 21 eligible studies comprising 26 anti-p200 pemphigoid patients with preceding psoriasis were involved. Compared with anti-p200 pemphigoid cases without psoriasis, more frequent involvement of the trunk and less mucosal involvement were illustrated in anti-p200 pemphigoid cases with psoriasis. Generally, monotherapy is sufficient for a complete remission for such patients. However, about a third of patients experienced at least one relapse, particularly those treated with prednisolone. Therefore, medication should be tapered carefully.

Egu et al. conducted a review on mechanisms of acantholysis in PV focusing on autoantibody profiles and their role in in vitro and in vivo models. The analyses indicated that investigations on desmosome composition might be helpful to promote understanding of the regulation of desmosome turnover, and that deciphering a signaling pathway may be druggable for PV as an additional line of therapy.

Li et al. conducted a mini review on the possible role of salivary proteins of insects in endemic PF in Brazil and Tunisia. In this review, not only the endemic PF features but also the corresponding autoantibody profiles were summarized. Pathways from insect bites to endemic PV were also described. These phenotypes of endemic PF observed in Brazil and Tunisia represent autoimmune diseases where the autoantibody response may be linked to an environmental etiology, i.e., salivary proteins from sand flies autochthonous to these countries.

Although vaccines are currently most important preventive measure against infectious diseases, vaccinations have also been accused of a potential risk on induction of autoimmune diseases. Russo et al. discussed the correlation of COVID-19 vaccines and ABIDs development firstly by citing a case of a 75-year-old male with type-II diabetes mellitus treated with gliptins, who developed BP 48 hours after receiving the first dose of the Comirnaty Pfizer-BioNTech vaccine. The authors suggest the role of vaccine as a trigger, but not a cause, of immune reaction in the setting of a gliptin-related BP. Benefits of vaccination against COVID-19 outweigh risks of development of AIBDs, and therefore, dermatologists should advise their patients to get vaccinated.




6 Concluding remarks

The 37 articles published in the present Research Topic for AIBDs help to improve the diagnosis by finding new autoantigens, to identify new disease phenotypes, to identify complicated concurrent diseases, to understand the pathogenesis in MMP, BP, EBA, PF, PV and PNP, and to know adequate and new treatments, including rituximab for MMP and pemphigus, as well as dupilumab and omalizumab for BP. The summaries of larger cohorts of anti-laminin 332-type MMP and various subtypes of pemphigus, as well as the reviews on unique perspectives for AIBDs, expand and deepen our understanding on AIBDs.

We hope that this Research Topic will be of interest to the scientific community, and advance the development of novel diagnostic methods and treatment of AIBDs.
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The presence of anti-desmocollin (Dsc) antibodies is rarely described in autoimmune blistering diseases patients. Moreover, several clinical phenotypes of pemphigus may be associated with these antibodies. In this review we analyze clinicopathological, immunologic and outcome features of anti-Dsc autoimmune blistering diseases patients, to improve their diagnosis and management. We conducted a systematic search of PubMed and Embase (1990-present) for studies reporting cases of autoimmune blistering diseases with anti-Dsc antibodies. We classified the selected patients as patients with exclusively anti-Dsc autoantibodies, and patients with anti-Dsc and other autoantibodies. Of 93 cases with anti-Dsc autoantibodies included, 38 (41%) had exclusively these antibodies. Only 18% of patients presented with the typical clinicopathological phenotype of pemphigus vulgaris or pemphigus foliaceous. Mucosal involvement was seen in approximately half of the patients. Up to 18% of cases were associated with neoplasms. Acantholysis was described in 54% of cases with histopathological information. Treatments and outcomes vary in the different clinical phenotypes. The presence of anti-Dsc antibodies must be suspected mainly in those patients with either atypical pemphigus, in special with clinical pustules, or in cases showing intraepithelial or dermal neutrophilic/eosinophilic infiltrate on histological examination and dual pattern by direct immunofluorescence examination.
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Introduction

Autoimmune blistering diseases (AIBD) encompass a group of disorders characterized clinically by the development of cutaneous and/or mucosal blisters and erosions. Patients synthesize autoantibodies against structural proteins of epidermis and/or dermal-epidermal junction. Pemphigus is a AIBD skin disease caused by the production of autoantibodies that target desmosomal adhesion molecules including desmoglein (Dsg) and desmocollin (Dsc), among others (1). Pemphigus diagnosis is based on clinical, histological, direct immunofluorescence (DIF) and serological findings (2). Dsg3 and Dsg1 are the major target antigens in pemphigus, but in the last 20 years, new relevant findings have demonstrated the role of non-Dsg autoantibodies in pemphigus cell-cell detachment (3, 4) even acting synergistically when Dsg autoantibodies are absent (5). Dsc are non-Dsg cadherin family members with three different isoforms, Dsc1, 2, and 3. Dsc1 and 3 were among the top 10 most commonly recognized antigens in pemphigus vulgaris (PV) patients sera (6). Anti-Dsc antibodies have mostly been involved in atypical pemphigus such as pemphigus herpetiformis (PH) and pemphigus vegetans (PVeg) (7).

The primary objective of this study was to review the clinical, histologic and immunologic features of AIBD, mainly pemphigus, with anti-Dsc antibodies in order to better diagnose these patients. The secondary objective was to review treatment responses and suggest some clues to the management of these disorders.



Methods


Literature Review and Article Selection

A literature review of PubMed and Embase (1990-present) databases of AIBD cases with anti-Dsc autoantibodies was conducted using the terms: desmocollin, non-desmoglein autoantibodies, autoimmune blistering disease, pemphigus, atypical pemphigus, pemphigus herpetiformis, IgA pemphigus, IgG/IgA pemphigus, paraneoplastic pemphigus (PNP) and pemphigus vegetans. Articles published in English, or those written in other languages with an English abstract were considered for eligibility. Only human patients were included, and purely serological studies without clinical information were excluded. Articles whether online, in print, or in press from all years were included in the analysis. Reference lists of included articles in primary search were further screened for additional eligible publications. Three representative cases have also been included in the analysis and are shown as Figures.



Data Extraction

Each relevant article was critically reviewed. The variables analyzed were: demographics, clinical manifestations, histopathologic and immunopathologic findings, immunological profile, treatments and their outcomes, and associated comorbidities. We considered all patients with annular plaques with or without vesicles/pustules/blisters as PH, and IgA pemphigus was considered as subcorneal pustular dermatosis (SPD) or intraepidermal neutrophilic dermatosis (IEND) based on the clinicopathological description from the author. When available, histologic images were reviewed to complete original authors’ text descriptions. In patients with a shift in the clinical or immunological features during the disease course, we included the latest form. We classified the selected patients as: 1) Patients with exclusively anti-Dsc autoantibodies, and 2) Patients with anti-Dsc and other autoantibodies.




Results

Various techniques were used to detect anti-Dsc autoantibodies: Immunoblot, immunoprecipitation, indirect immunofluorescence (IIF) with COS7 cells transfected with Dsc and ELISA with baculovirus-produced recombinant proteins or expressing human recombinant proteins in mammalian cells. Most of the described cases were Japanese or written by Japanese authors, since anti-Dsc antibodies have mainly been detected in Japanese labs. A total of 93 cases with anti-Dsc autoantibodies were analysed. Of these, 38 patients had exclusively anti-Dsc autoantibodies. Overall, there were no significant gender differences and the presentation age was variable, with predominance in middle age. Eleven patients (12%) had a clinicopathological phenotype of PV and only 6 (6%) had a PF phenotype.


Patients With Exclusively Anti-Desmocollin Autoantibodies


Patients With Exclusively IgG Anti-Desmocollin Autoantibodies

Fourteen papers including 17 patients were selected (Supplementary Table 1) (8–21). There was no sex predominance and age varied between 11 and 83 years (median 64,5). PH and PVeg were the most common phenotypes (9 and 5 patients, respectively). Mucosal involvement was found in 6 patients (8, 10, 16, 18, 21), and was the only manifestation in 2 of them (8, 16). Acantholysis was present in 11 biopsies, with a predominant eosinophilic infiltrate. DIF and IIF assays showed IgG/C3 deposition at the intercellular spaces (ICS) in most cases. A dual pattern with deposits at the basement membrane zone (BMZ) and ICS was described in one case (21). Autoantibodies against Dsc3 were found in 13 patients, while anti-Dsc1 antibodies were present in 7 patients. Anti-Dsc2 antibodies were only present in 3 patients who presented reactivity against the 3 desmocollin isoforms. Anti-Dsc3 antibodies were the only found in 10 patients and anti-Dsc1 were the only in 4. Autoantibodies against all 3 Dsc isoforms were detected in 3 patients who did not present a common phenotype or a more aggressive disease course (14, 18, 19). Autoantibodies against Dsc3 were detected in the 6 patients with mucosal involvement. There were no relevant comorbidities. Treatment and outcomes were reported in 13 cases which had mainly been treated with corticosteroids and dapsone. A partial to complete response was always observed. One patient was treated with rituximab 475 mg/m2 weekly for 4 weeks and another patient with 375 mg/m2 weekly for 4 weeks (2 courses) with good results (16, 21).

A 33-year-old woman with exclusively anti-Dsc1 IgG antibodies and pemphigus foliaceous features is presented in Figures 1A and 2A. First, treatment with prednisone and azathioprine, and after with prednisone and mycophenolate was administered. Currently, she is on complete remission off-therapy.




Figure 1 | Clinical features. (A) A 33-year-old woman with exclusively anti-Dsc1 IgG antibodies and pemphigus foliaceous clinical features with erosions and crusts in the seborrheic areas. (B) A 66-year-old man with exclusively anti-Dsc1 IgA antibodies and annular plaques with pustules in the groin diagnosed as IgA pemphigus SPD-type. (C, D) A 70-year-old man with both anti-desmocollin 2,3, and anti-desmoglein 1,3 antibodies and mucocutaneous pemphigus vulgaris clinical features.






Figure 2 | Histopathological features. (A) A 33-year-old woman with exclusively anti-Dsc1 IgG antibodies with complete detachment at the subcorneal layer, acantholytic cells and moderate lymphoplasmacytic perivascular dermal infiltrate (Hematoxylin–Eosin stain, x200). (B, C) A 66-year-old man with exclusively anti-Dsc1 IgA antibodies with a subcorneal neutrophilic pustule with dermal lymphocytic infiltrate (Hematoxylin–Eosin stain, x200) and a positive IgA indirect immunofluorescence with COS7 cells transfected with desmocollin 1 protein. (D) A 70-year-old man with both anti-desmocollin 2,3, and anti-desmoglein 1,3 antibodies and suprabasal acantholysis with dermal neutrophilic infiltrate (Hematoxylin–Eosin stain, x200).





Patients With Exclusively IgA Anti-Desmocollin Autoantibodies

Wallach et al. in 1982 (22) described a new entity characterized by a vesiculopustular eruption with intraepidermal pustules and in vivo bound and/or circulating IgA antibodies. Since then, several similar cases have been reported under different denominations: IgA pemphigus, Intercellular IgA dermatosis and intercellular IgA vesiculopustular dermatosis. There are two main clinicopathological variants: SPD that presents as superficial pustules particularly on the intertriginous areas, subcorneal neutrophilic pustules, and IgA deposition in the upper epidermal ICS; and IEND presenting as sunflower-like inflammatory pustules, diffuse intraepidermal neutrophilic infiltrates, and IgA deposition involving all epidermal ICS. Hashimoto et al. (23) identified Dsc1 as the autoantigen of SPD-type, while the IEND-type target antigen has not yet been identified.

Between 2000 and 2021, 16 cases were described with exclusively IgA anti-Dsc autoantibodies (Supplementary Table 2) (23–36) Most patients were male (73%), with ages ranging from 9 to 94 years (median 64). SPD was the most common clinical pattern (10 patients). Mucosal involvement occurred in two patients, one with chronic lymphocytic leukemia with an overlap IEND-PNP (30) and another with PVeg features.‡ In both cases anti-Dsc2 was detected. Neutrophilic pustules/microabscesses were present in 10 cases and acantholysis in 9. When described, the infiltrate was composed of neutrophils and lymphocytes. DIF was negative in 1 case,‡ and a dual pattern was observed in the paraneoplastic case (30). Autoantibodies against Dsc1 were found in 12 of the 16 patients (8 with only these autoantibodies). Dsc2-3 autoantibodies were found less frequently (in 7 and 4 patients, respectively). Only 2 patients (one with initially weak reactivity against Dsc1) presented antibodies against the 3 Dsc isoforms (31, 32). Hematological diseases were detected in 4 patients without any predominance in anti-Dsc profile (28, 30, 33). Different therapies were administered, principally oral corticosteroids, dapsone and retinoids with mostly partial responses. The patient with chronic lymphocytic leukaemia presented a remission of both diseases with rituximab-fludarabine chemotherapy (30).

A 66-year-old man with a medical history of monoclonal IgA gammopathy and IgA pemphigus SPD-type with exclusively IgA Dsc1 autoantibodies is presented in Figures 1B and 2B, C. Treatment with Dapsone, IVIG, tetracycline and isotretinoin was administered without response.



Patients With Exclusively IgG and IgA Anti-Desmocollin Autoantibodies

IgG/IgA pemphigus is a rare type of atypical pemphigus characterized by either in vivo and/or circulating IgG-IgA ICS antibodies. There is no consensus on whether IgG/IgA pemphigus is a subset of IgA pemphigus (37). In fact, in some of the reported IgA cases, IgG reactivity can also be appreciated in some tests such as DIF or IIF (Supplementary Table 2). Hashimoto et al. analysed 30 cases of this entity with distinctive clinical and immunopathological features which led them to consider it as a new disease, proposing the term Intercellular IgG/IgA dermatosis (IGAD). In this series underlying neoplasia occurred in 4 patients, autoimmune diseases in 5 and anti-Dsc antibodies were found in 19 (38).

There were only 5 patients with exclusively IgG and IgA anti-Dsc autoantibodies (Supplementary Table 3) (31, 38–40). Age range was between 39 and 80 (median 63) without sex predominance. PH was the most common clinical pattern and mucous membrane involvement was not reported. Pathological changes were variable; acantholysis was described in 3 cases and pustules in 4. DIF and IIF examination showed concomitant IgG/IgA deposition in 3 and 2 cases, respectively. No patients presented with all three isoforms of Dsc IgG/IgA autoantibodies. The reported treatments were systemic corticosteroids and dapsone with a certain degree of response.




Patients With Anti-Desmocollin and Other Autoantibodies

In addition to anti-Dsc, other autoantibodies were detected in 55 reported cases. We have grouped them as:


Patients With Only Anti-Desmocollin and Anti-Desmoglein Autoantibodies

This profile was described in 35 patients (Supplementary Table 4) (8, 10, 38, 41–53). Age and sex were not always reported. Age ranged from 12 to 84 years (median 57). In patients where there is available information, skin involvement occurred in 31 of 34 cases, while mucous membranes were affected in 18 of 32 (3 exclusively). PV and PH were the most frequent phenotypes and pathological findings were reported in 26 cases. The most common features were acantholysis and intraepidermal eosinophilic/neutrophilic pustules. DIF was described in 23 cases, and was negative in one patient. IIF was detailed in 27 patients with negative results in 2. Autoantibodies against Dsg1, Dsg3 and Dsc1-3 were detected in a PH patient without DIF or treatment information (38). Treatment and outcome were described in 17 cases; dapsone and systemic corticosteroids were the most frequently employed, with variable responses. One patient received rituximab 375 mg/m2 weekly for 4 weeks (46) and another received rituximab 1 gram twice 2 weeks apart (3 courses) (38).

A 70-year-old man with mucocutaneous pemphigus vulgaris features and antibodies against desmocollin 2,3, and desmoglein 1,3 is presented in Figures 1C, D and 2D. Systemic corticosteroids and azathioprine were started but the patient died from causes unrelated to his disease.



Patients With Anti-Desmocollin and Other Non-Desmoglein Autoantibodies

Dsc autoantibodies concomitantly with other non-desmoglein autoantibodies have been reported in 20 cases (Supplementary Table 5) (38, 47, 54–70). Overall, there were 12 females and 8 males with ages ranging between 11 and 83 years (median 66). Eight patients (40%) had a concurrent neoplasm: 4, lymphoproliferative diseases (55, 62, 63, 68), 3 had thymomas (66, 69, 70) and 1 presented with metastatic gastric cancer (57). Two thymoma-associated cases presented with PF (66, 70). Anti-plakin autoantibodies were detected in 12 patients, 7 with PNP features. Antibodies against different BMZ antigens were described in 18 cases. Treatments were varied and systemic corticosteroids were the most used. One patient received rituximab 1 gram twice 2 weeks apart with partial response (70). Six patients (30%) died during follow-up. Five of them had had an associated neoplasm, while the other had presented with PNP features and bronchiolitis obliterans without detectable malignancy.





Discussion

In the present study of 93 anti-Dsc autoantibodies cases, the most common phenotype was PH in patients with either IgG or IgG/IgA anti-Dsc and anti-Dsc/Dsg autoantibodies; SPD in patients with IgA anti-Dsc autoantibodies; and PNP-like in those with antibodies against multiple antigens. A similar observation was described by Toosi et al. (71) when comparing clinicopathological findings of IgG/IgA, IgG and IgA anti-Dsg pemphigus since differences were appreciated between IgA and IgG/IgA but not between IgG and IgG/IgA.

Only 6% and 12% presented with PF and PV phenotype respectively, so we agree that the routine search for anti-Dsc antibodies should only be carried out in cases of atypical pemphigus as previously suggested (7, 72). Further, it remains unclear if anti-Dsc antibodies in PV patients could be as elevated as reported (44%) (6).

Thirteen of 17 patients with exclusive IgG anti-Dsc expressed Dsc3, and was the only antibody in 10. In contrast, anti-Dsc2 antibodies were only detected when reactivity against the three Dsc isoforms was detected. So it seems that Dsc3 would be the main antigen for this patient subtype. As described previously (23), Dsc1 autoantibodies were present in most cases of exclusive IgA anti-Dsc SPD-type. Most of patients with both IgG and IgA anti-Dsc antibodies had reactivity against the same isoform of desmocollin protein. Only one patient with IgG-IgA anti-Dsc3 antibodies also had only IgG against Dsc1 (38).

The presence of both anti-Dsc3 and anti-Dsg3 autoantibodies has been associated with a more severe PV phenotype and a slower response to prednisolone in a mouse model (73). In some cases anti-Dsc3 autoantibodies have been associated with a more severe epidermal detachment (74) or mucosal involvement (8, 50). The exact role of these anti-Dsc antibodies remains to be defined.

Among the patients with desmocollin together with other autoantibodies there were 12 patients with anti-plakin antibodies but only 7 were described as PNP. Ohzono et al. (75) described in a series of 104 cases of PNP that 11.5% showed no detectable neoplasia. They argued that this may be due to a limited sensitivity to detect tumors in early stages. Moreover, Sprecher suggested that non-neoplastic triggers may led to a clinical and immunological disorder identical to PNP (76). Another explanation could be that some of the anti-plakin antibodies detected were not pathogenic, so their presence could be due to a mechanism of epitope-spreading (77).

Mucosal involvement was present in 40 out of the 84 patients (48%) where information is available. Patients with exclusively IgG anti-Dsc autoantibodies and mucosal involvement always presented anti-Dsc3 autoantibodies, while the 2 patients with mucous manifestations and exclusive IgA anti-Dsc showed reactivity with Dsc2 without Dsc3. Currently, we have no explanation for these findings. Mucosal involvement was more frequent in patients where anti-Dsc were associated with other autoantibodies. This fact may be due to a synergistic action of the different autoantibodies or to a lower mucosal affinity of anti-Dsc antibodies.

Six cases (17, 20, 31, 52, 53, 64) developed a shift of clinical and/or autoantibodies pattern which could be regarded as an epitope-spreading phenomenon (77). Otherwise, the same antibody profile can be observed with different clinical patterns as seen in 3 patients with exclusive IgG anti-Dsc1-3 antibodies (PH, PF and PVeg). This fact suggests that autoantibodies may be produced independently (32) or target different epitopes.

Lymphoproliferative disorders and solid malignancies have been reported previously in 18% of patients with IgA pemphigus (78). In our review, a total of 17 (18%) neoplasms (mostly hematological) were described in all groups except in patients with exclusively Dsc IgG autoantibodies. Inflammatory bowel disease and other autoimmune diseases have been reported as associated with IgA pemphigus (78), but this association was infrequent in our study.

Regarding pathological findings (described in 82 cases), acantholysis was described in 44 patients and milder than in classical pemphigus. However, eosinophilic spongiosis and eosinophilic/neutrophilic intraepidermal pustules were more frequent. Dermal infiltrate is not a common finding in pemphigus, although lymphocytic infiltrate at the dermo-epidermal junction is a dominant feature in PNP (79). We consider that too little attention has been paid to dermal infiltrate in patients with anti-Dsc pemphigus, while in some articles it was not described but could be observed in the histological figures. The infiltrate was predominantly eosinophilic in IgG anti-Dsc cases, neutrophilic in IgA anti-Dsc cases and variable in patients with Dsc along with other autoantibodies. IgA autoantibodies may bind to the Fc receptor CD89 on monocytes and granulocytes, resulting in accumulation of neutrophils with a subsequent proteolytic cleavage of the keratinocyte cell-cell junction (80). Possibly by a similar mechanism, anti-Dsc autoantibodies could generate the clinicopathological pustules observed in these patients, as suggested by the concomitant change from PF or PV to PVeg with an eosinophilic/neutrophilic dermal infiltrate and the increased rate of anti-Dsc autoantibodies (20, 52). Rarely, anti-Dsc and anti-Dsg autoantibodies may be detected along with autoantibodies against different BMZ antigens. In these cases, histological findings of both acantholysis and subepidermal blistering may be simultaneously found in the same biopsy, together with a dual staining pattern by DIF examination.

DIF examination was negative in 5 of 74 reported cases (7%). Dual pattern was described in 14 patients, mostly in patients with autoantibodies against multiple antigens. Exclusively BMZ deposition occurred in only 2 patients. IIF was negative in 14 (18%) of 80 reported cases.

Treatment was described in 65 cases, with corticosteroids and dapsone as the most frequently administered. It is difficult to evaluate patient outcome due to the small number of patients, and the different clinical and serological patterns. Immunosuppressant agents were employed less often than in classic pemphigus. Globally, rituximab was administered to seven patients. Two patients (16, 21) with exclusively IgG Dsc autoantibodies showed a partial response with persistence of mucosal hypertrophy. One patient needed a second dose because of clinical relapse but after 3 follow-up years is in complete remission (21). The two patients with lymphoma and exclusively IgA anti-Dsc antibodies received rituximab-chemotherapy achieving total remission of both diseases (30, 33). Although rituximab could have a therapeutic role inhibiting autoantibody production, the total remission is more likely explained as the result of a paraneoplastic phenomenon because theoretically rituximab does not act against IgA autoreactive cells. Rituximab was also effective in a patient with refractory anti-Dsg/Dsc PV with a concomitant lingual squamous cell carcinoma (46) but failed to control either a severe case of IGAD in an adolescent (38) or a patient with a PF with concomitant thymoma (70).



Conclusions

We should consider the presence of anti-Dsc antibodies in different circumstances: clinical features of PH, PVeg or atypical pemphigus; presence of pustules; classical pemphigus patients without detectable anti-Dsg antibodies; intraepithelial neutrophils/eosinophils or dermal neutrophilic/eosinophilic infiltrate on histological examination, and dual pattern DIF examination. When suspected, all available techniques should be employed. DIF positivity is the most reliable diagnostic test. Patients with exclusive IgG anti-Dsc autoantibodies, and those with both anti-Dsc and other non-Dsg autoantibodies, can be managed similarly to classical pemphigus and rituximab can be a good therapeutic option. In patients with IgA anti-Dsc antibodies systemic corticosteroids followed by dapsone or retinoids can be effective. Cases with IgA or IgG/IgA antibodies can be associated with malignancies (especially hematological) or autoimmune diseases.
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Epidermolysis bullosa acquisita (EBA) is an autoimmune blistering disorder characterized and caused by autoantibodies against type VII collagen (COL7). Although it has been noticed that EBA in both patients and mice is associated with an increased scratching, it is not clear whether and how the scratching contributes to disease manifestation. Hence, we here aimed to validate this clinical observation and also to investigate the potential contribution of increased scratching in EBA pathogenesis in mice. Longitudinal assessment of scratching behavior revealed an increased frequency of scratching as early as 12 hours after injection of anti-COL7 IgG into the skin of mice. Subsequently, scratching events became even more frequent in mice. In contrast, mice injected with a control antibody showed an unaltered scratching behavior throughout the observation period. Based on these observations, we hypothesized that mechanical irritation may promote the induction of inflammation in experimental EBA. To challenge this assumption, the local anesthetic dyclonine hydrochloride was topically applied before injection of anti-COL7 IgG. Dyclonine hydrochloride reduced the scratching events and impaired clinical disease manifestation. In therapeutic experimental settings, i.e. administration of the local anesthetic 24 hours after injection of anti-COL7 IgG, dyclonine hydrochloride only inhibited the scratching behavior, but had no significant effect on clinical disease development. In addition, eosinophils were detected in the skin before the injection of anti-COL7 IgG and significantly increased 48 hours after the antibody injection. Collectively, our results suggest that scratching behavior contributes to the initiation phase of disease manifestation in experimental EBA.
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Introduction

Autoimmune bullous dermatoses (AIBD) represent a group of acquired organ-specific autoimmune diseases mediated by autoantibodies targeting proteins which are essential for integrity of skin and mucous membranes (1, 2). Within this group, epidermolysis bullosa acquisita (EBA) is a subepidermal blistering disorder characterized and caused by autoantibodies against type VII collagen (COL7) (3, 4). To better understand the pathogenesis of EBA, several mouse models have been established either by immunizing mice with recombinant murine COL7 (mCOL7) (5) or by transfer of antibodies against COL7 into mice (6–8). With these valuable experimental models, considerable progress has been achieved in our understanding of how autoantibodies against COL7 cause inflammation and tissue damage (9). So far, several cellular and molecular components have been demonstrated to be indispensable in the pathogenesis of experimental EBA. In general, EBA has been shown to be associated with MHC alleles, in both patients and experimental models (10, 11). Development of autoantibodies targeting COL7 depends on a CD4-dependent B cell response (12), and half-lives of these autoantibodies are controlled by the neonatal Fc receptor (13). After binding to its target antigen, autoantibody-induced inflammation and blistering is modulated by several cell types, such as neutrophils (14, 15) and T cells (16), as well as several molecular pathways, including complement activation (6, 17), reactive oxygen species (18), specific proteases (19), lipid mediators (20), signaling molecules (21), and several cytokines (22, 23).

It has been noticed that some AIBD such as bullous pemphigoid (BP) and EBA are associated with an increased scratching and skin lesions often occur in areas which are accessible to scratching (2, 24). In experimental EBA models, we also noted that i) there is an increased frequency of scratching in diseased mice and ii) skin lesions usually do not develop in skin areas which mice cannot directly access. However, a simple association of a certain factor or event with experimental EBA does not necessarily mean that this also contributes to the pathogenesis of the disease. Activation of mast cells, which typically occurs during the early phase of experimental EBA, does not contribute to disease development. Moreover, upregulation of the two proinflammatory molecules S100A8 and S100A9, which are seen in experimental EBA and in many other neutrophil-dominated inflammations, is without consequence for the manifestation of disease symptoms (25, 26). In this study, we hypothesized that scratching behavior contributes to disease manifestation of experimental EBA. To verify this hypothesis, we herein first aimed to validate the clinical observation of an increased scratching frequency in mice with experimental EBA. By contrasting the frequency of scratching events between mice injected with anti-COL7 IgG to mice injected with control antibody, we observed increased scratching events in mice with EBA. Hence, we next evaluated if increased scratching contributes to clinical disease manifestation in experimental EBA. To reach this aim, we applied dyclonine, a topical anesthesia acting through sodium channel inhibition (27, 28), onto mouse skin at different phases of the development of experimental EBA. Our results suggest that the scratching behavior contributes to the initiation phase, but not the late phase, of the development of the skin disease.



Materials and Methods


Mice

Female Balb/c mice were purchased from Shanghai SLAC Laboratory Animal Co., Ltd. (Shanghai, China). All mice were housed in the animal facility of Xiamen University with a 12-hourlight-dark cycle. Mice were held at specific pathogen-free conditions and fed standard mouse chow and acidified drinking water ad libitum. All experiments were approved by the Institutional Animal Care and Use Committee of Xiamen University (XMULAC20170196).



Antibodies

Rabbit anti-mCOL7c antibodies and rabbit control IgG were prepared as described (6). Briefly, New Zealand White rabbits were immunized subcutaneously with recombinant mCOL7c protein (amino acid residue at position 757-967) emulsified in Freund’s complete adjuvant. The animals were boosted twice with mCOL7c protein emulsified in incomplete Freund’s adjuvant. Sera from the immunized rabbit were obtained and used for the isolation of total IgG by Protein G Sepharose Fast Flow affinity column chromatography. Control rabbit IgG was isolated from sera of non-immunized rabbits. The binding specificity of rabbit anti-mCOL7 IgG to murine skin was shown in Supplementary Figure 1.



Induction and Evaluation of Experimental EBA

Induction of experimental EBA was performed as described previously (26, 29) with minor modifications. Briefly, 0.5 mg rabbit anti-mCOL7 IgG or control rabbit IgG in 50 µl PBS was injected i.d. into the base of the ear. Mice were scored blindly for clinical symptoms at 24 h and 48 h after injection of antibodies. Disease severity of ear skin was determined using a previously described method (29). Briefly, severity of disease was expressed as percentage of the surface area of the ear affected by skin lesions including blisters, erosions, crusts and alopecia. At the end of the experiment, ear skin samples were collected for histological evaluation.



Histology

Mouse ears were fixed in 4% buffered formaldehyde and embedded in paraffin. Five µm-thick paraffin sections were prepared and used for histological evaluation using hematoxylin and eosin (H&E) staining. Eosinophils were identified on the H&E-stained paraffin-embedded skin sections. For the identification of basophils, sections of ear skin of anti-COL7 IgG-treated or control IgG-treated mice, respectively, were stained with the basophil-specific rat anti-mMCP-8 antibody (clone TUG8, Biolegend) as described elsewhere (30). Sections of liver tissue from Schistosoma mansoni-infected mice were used as positive staining control. Briefly, deparaffinised tissue sections were treated consecutively with Tris-EDTA-buffer, pH 9.0, at high temperature for antigen retrieval, with 0.9% H2O2 in methanol for blocking of endogenous peroxidase activity, and with normal rabbit serum for blocking unspecific antibody binding. For basophil staining, all antibodies (anti-mMCP8, isotype control rat anti-mouse IgG2a (BD) and the secondary biotinylated rabbit anti-rat antibody (Vector Laboratories)) were diluted 1:100 in PBS. Detection of antibody binding was performed using the Vectastain ABC Peroxidase Kit and the substrate DAB (Vector Laboratories) according to the manufacturer’s instructions. Mayer’s hematoxylin (Merck) was used diluted 1:2 for counter staining. Pictures were taken using an Olympus BX51 microscope. Quantification of eosinophils was performed by counting them in whole section.



Application of Dyclonine Hydrochloride

Dyclonine hydrochloride (dyclonine, Sigma-Aldrich, Darmstadt, Germany) was dissolved in 71.4% glycerin at a concentration of 1%. For treatment, 50 μl 1% dyclonine, a concerntration which has been shown effective in patients (27, 28), was topically applied onto each mouse ear every five hours, while 71.4% glycerin was used as solvent control. Topical application of dyclonine started five min before (prevention) or 24 h after (therapy) the antibody injection and was maintained until the end of the experiment. In total, 10 and 5 applications of dyclonine were performed for preventive and therapeutic treatment, respectively.



Quantification of Scratching Behavior

In this acute antibody transfer-induced experimental EBA, skin lesions are visible approximately 20 hours after the injection of pathogenic antibodies, and disease severity increases over time and reachs the peak 48 hour after the injection of antibody (29). Therefore, scratching events were determined in a blinded fashion at three time points: 12, 30 and 48 h after the antibody injection, which represent three different phases of the development of disease. For each time point, the number of scratching events over 60 min observation period was counted for and the scratching frequency was presented as the number of scratching events per hour.



Statistical Analysis

The Kolmogorov-Smirnov normality test was performed to analyze if quantitative variables were normally distributed. All statistical analysis were performed with GraphPad Prism statistical software (GraphPad Software Inc., version 5.01, La Jolla, CA, USA). To calculate the P values, quantitative data in normal distribution were compared using the student t-test, otherwise the Mann-Whitney U-test was used. P<0.05 was considered as statistically significant.




Results


Injection of Anti-mCOL7 IgG Promoted Scratching Behavior

We first investigated whether injection of pathogenic antibodies against mCOL7 could affect the scratching behavior of mice. Injection of rabbit anti-mCOL7 IgG i.d. into the ear induced skin lesions which were first observed at 24 h and further exacerbated by 48 h after the antibody injection (Figures 1A, B). By contrast, injection of normal rabbit IgG did not induce any disease.




Figure 1 | Injection of anti-mCOL7 IgG promotes the frequency of scratching. Female Balb/c mice were injected with 0.5 mg rabbit anti-mCOL7 IgG or control rabbit IgG i.d. into ear skin, and disease severity as well as frequency of scratching was evaluated. (A) Representative pictures of ear skin lesions and histology of ear skin of mice treated with rabbit anti-mCOL7 IgG or control rabbit IgG. Histological analysis was performed 48 hours after first antibody injection using H&E staining. (B) Mice were scored at 24 and 48 h after the antibody injection, the severity of the disease was measured as the percentage of affected ear skin. (C) Scratching behavior was quantified at 12, 30 and 48 h after the antibody injection, and the scratching frequency was presented as times of scratching per hours. Data are derived from 2 independent experiments each performed with 5 mice (10 ears) per experimental group. Bars, 100 μm. Significant differences as determined by unpaired student t-test between anti-mCOL7 IgG-treated ears and control IgG-treated ears are indicated (*p < 0.05, **p < 0.01, ***p < 0.001).



To quantify scratching behavior, we next determined the frequencies of scratching at 12, 30, and 48 h after injection of antibodies. As compared with mice injected with normal rabbit IgG, mice injected with rabbit anti-mCOL7 IgG showed significantly higher scratching frequencies at all three time points after antibody injection, and the difference increased over time (Figure 1C), suggesting that injection of pathogenic antibodies against mCOL7 promoted scratching behavior in anti-mCOL7 IgG-injected mice.



Topical Application of Dyclonine Prior to Injection of Pathogenic Rabbit IgG Reduces Scratching and Size of Skin Lesions in Experimental EBA

Based on the above findings, we hypothesized that scratching behavior contributes to the development of anti-mCOL7 IgG-mediated tissue damage. To verify the hypothesis, we applied dyclonine hydrochloride, a local anesthetic, topically onto the ear skin before the injection of anti-mCOL7 IgG, and such topical application was maintained until the end of the experiment by repeating the application every 5 hours.

After treatment with dyclonine and subsequent injection of anti-mCOL7 IgG, the scratching frequencies of mouse ears at 12 h, 30 h and 48 h after the injection of anti-mCOL7 IgG antibodies were significantly lower than corresponding values of mouse ears treated with control solvent (Figure 2A). This result demonstrates that application of dyclonine prevented mice from anti-mCOL7 IgG-mediated scratching. Furthermore, 48 h after the injection of anti-mCOL7 IgG, dyclonine-treated mice developed significantly milder disease than solvent-treated control mice (Figures 2B, C).




Figure 2 | Preventive topical application of dyclonine inhibited scratching and impaired clinical disease manifestation in antibody transfer-induced EBA. Immediately before the injection of anti-mCOL7 IgG, 1% dyclonine or solvent was applied topically onto mouse ears, and such application was maintained every six hours until the end of the experiment. (A) Effect of dyclonine hydrochloride on scratching behaviour at 12, 30 and 48 h after the injection of anti-mCOL7 IgG. (B) Representative pictures of ear skin lesions and histology in mice injected with rabbit anti-mCOL7 IgG and treated with dyclonine hydrochloride or control solvent. (C) Effect of dyclonine hydrochloride on disease severity at 24 and 48 h after the injection of antibodies. This figure shows representative results of one of three independent experiments each performed with 5 mice (10 ears) per experimental group. Bars = 100 μm. Significant differences as determined by unpaired student t test between anti-mCOL7 IgG-treated ears and control IgG-treated ears are indicated (*p < 0.05; ***p < 0.001).





Topical Application of Dyclonine After Injection of Pathogenic Rabbit IgG Has Only a Minor Effect on the Development of Experimental EBA

We next investigated whether application of dyclonine could therapeutically modulate clinical disease manifestation in antibody transfer-induced EBA. At 24 h after the antibody injection, skin lesion was observed in all mice. We then divided these mice into two groups with equal mean values of disease scores. One group was treated with dyclonine, and the other group was treated with solvent. The topical application of dyclonine hydrochloride and control solvent was maintained until the end of the experiment by repeating the application every 5 hours.

As expected, the two groups showed no difference in scratching behaviors at 12 h after the injection of anti-mCOL7 IgG because no dyclonine had yet been applied (Figure 3A). However, mice treated with dyclonine showed significantly lower scratching frequencies at both 30 h and 48 h after the antibody injection than mice treated with solvent control (Figure 3A), demonstrating that the topical application of dyclonine hydrochloride inhibited anti-mCOL7 IgG-mediated scratching.




Figure 3 | Therapeutic topical application of dyclonine improved itch, but had no impact on clinical disease manifestation in antibody transfer-induced EBA. Twenty-four hours after the injection of anti-mCOL7 IgG, mice were divided into two groups with equal mean value of disease severity. The 1% dyclonine or solvent were applied topically onto mouse ears, respectively, and such application was maintained every six hours until the end of experiment. (A) Effect of dyclonine on scratching behaviour at 12, 30 and 48 h after the injection of anti-mCOL7 IgG. (B) Representative pictures of skin lesions and histology of ear skin in mice injected with rabbit anti-mCOL7 IgG and treated with dyclonine hydrochloride or control solvent. (C) Effect of dyclonine hydrochloride on disease severity at 24 and 48 h after the injection of antibodies. This figure shows results derived from 2 independent experiments.In total, 12 mice (24 ears) treated with 1% dyclonine and 11mice (22 ears) treated with control solvents were used for analysis. Bars, 100 μm. Significant differences as determined by unpaired student t test between anti-mCOL7 IgG-treated ears and control IgG-treated ears are indicated (**p < 0.01, ***p < 0.001).



With regard to the extent of skin lesions, mouse ears treated with dyclonine showed a slight but not significant decreased disease score as compared to mouse ears treated with the solvent control (Figures 3B, C), suggesting that topical application of dyclonine had little effect on the extent of the skin disease, if applied 24 h or later after injection of pathogenic IgG.



Increased Density of Skin Eosinophils and Basophils 48 Hours After Injection of Anti-COL7 IgG

Finally, we attempted to identify cells which are responsible for the release of mediators of anti-COL7 IgG-associated itching. Although mast cells (MCs) are the main cellular source of histamine (31) which is the most common mediator of itching (32), our previous results had shown that MCs were dispensable for antibody transfer-induced EBA in mice (26), suggesting that MCs are unlikely the cellular source of mediators of anti-COL7 IgG-associated itching. Given that basophils and eosinophils are also capable to release mediators of itching (31, 32), we next determined the presence of these cells in the ear skin during the development of antibody transfer-induced experimental EBA. As shown in Figure 4, eosinophils could be detected in murine skin before the injection of antibodies, and no significant changes in the density of eosinophils was observed in ear skin samples collected at 6 hours and 12 hours after anti-COL7 IgG injection. However, the density of eosinophils was significantly increased at 48 hours after the antibody injection compared to before injection (Figure 4). In contrast to eosinophils, basophils could not be detected in healthy murine skin, and skin infiltration of basophils induced by injection of anti-COL7 IgG was rarely observed at 6 or 12 hours after antibody injection. Notably, obvious infiltration of basophils into affected skin was observed at 48 hours after the injection of the anti-COL7 IgG (Supplementary Figure 2).




Figure 4 | Increased number of skin eosinophils 48 h after injection of anti-COL7 IgG. Female Balb/c mice were injected with 0.5 mg rabbit anti-mCOL7 IgG i.d. into ear skin. Mice were sacrificed and ear skin samples were collected before antibody injection (0 hours) as well as 6, 12 and 48 h after antibody injection. (A) Representative micrographs of H&E-stained ear skin sections collected at indicated time points. Black arrows indicate eosinophils. Scale bars = 10 μm. Quantified results of number of eosinophils per mm ear skin section are shown in (B) Three mice (6 ears) at each time point were sacrificed and used for analysis. Significant differences as determined by unpaired student t test between anti-mCOL7 IgG-treated ears and control IgG-treated ears are indicated are indicated (**p < 0.01).






Discussion

While it has been noticed that itching and scratching are associated with AIBD in patients and mice, it is not clear whether and how scratching contributes to the development of AIBD. In this study, we investigated scratching behavior in an antibody transfer-induced mouse model of EBA. We demonstrate that injection of anti-COL7 IgG promotes scratching in mice. Furthermore, this study shows that topical application of a local anesthetic onto mouse ear before the injection of anti-COL7 IgG inhibits scratching and decreases disease severity. This finding demonstrates that scratching contributes to the development of skin lesions. Interestingly, when a local anesthetic was applied 24 h after injection of antibodies when skin lesions had already appeared, it had little effect on further progression of skin lesions although it did inhibit the scratching. This suggests that scratching is predominantly involved in the initiation phase of antibody transfer-induced experimental EBA but affects only moderately later stages of the disease.

According to the Koebner phenomenon, the appearance of skin lesions as a consequence of trauma has been observed in many skin diseases including psoriasis, atopic dermatitis and vitiligo (33). Since scratch injury is a type of trauma leading to the Koebner phenomenon, the finding of the current study suggests that this concept might also be applied to autoimmune bullous diseases. Regarding the underlying mechanism, it has been suggested that scratch injury leads to Koebner phenomenon in. psoriasis by accelerating the release of chemokines which contribute to the recruitment of IL-17A-producing immune cells and neutrophils (34, 35). Given the essential role of neutrophils in the pathogenesis of experimental EBA (15, 18), it is conceivable that itching and scratching contribute to the development of antibody-transfer induced experimental EBA by recruiting neutrophil at the earlier phase of the disease. Once recruited into the skin and activated by immune complexes, neutrophils contribute to the subsequent tissue damage in two ways. Activated neutrophils adhere to the target tissue and release ROS and proteases which are essential molecules executing tissue damage (15, 18, 19). Additionally, activated neutrophils generate chemotatic factors such as leukotriene B4 and CXCL2 and to recruit more neutrophils into the site of inflammation (20, 36), thus forming a positive feedback loop. Therefore, it is conceivable that scratching contributes to the recruitment of the first wave of neutrophils into the skin. Once the first wave of neutrophils is recruited and activated, scratching is probably dispensable for further disease progression due to the positive feedback loop of neutrophils.

Of specific interest may be the mechanism which leads to the anti-mCOL7 IgG-promoted scratching. Different biological mediators of itch are known of which histamine is the most common one (32). Under both physiological and pathological conditions, mast cells (MCs) are the most relevant cellular sources of histamine (31). Although a role of MCs has been initially suggested in an antibody transfer-induced experimental model of BP (37), more recently it has been demonstrated that MCs are dispensable for antibody transfer-induced EBA in mice (26, 38, 39). Therefore, it is unlikely that MC-derived histamine is the mediator of itch in experimental EBA. It is conceivable that other biological mediators than histamine may contribute to the disease-relevant itch in experimental EBA. One example could be IL-31 which has been suggested to play a role in the development of BP-associated itch (24). The major source of IL-31 in BP are eosinophils (40, 41). Recently, also basophils have been shown to release IL-31 upon activation (42). The current study showed that basophils are not present in the skin under physiological conditions and obvious infiltration of basophils into skin is observed only in the late phase of the anti-mCOL7 IgG-mediated tissue damage. This finding suggests that basophils are not the cellular source of mediators which trigger itching and scratching in the initial phase of experimental EBA. In contrast to basophils, eosinophils are present in the skin under physiological conditions, raising the possibility that eosinophils as the cellular source of the mediator of itching. Thus, further investigation of the role of eosinophils in this model will help to clarify this issue.

One limitation of the current study is that we applied a local transfer model where pathogenic antibodies are applied to a limited site of the ear skin via i.d. injection. This allows a precise prediction of the emerging tissue damage and a targeted application of the drug. However, as an acute model, our method is unable to provide any information on the chronic phase of the disease. Other mouse models of EBA generated by either immunization with mCOL7 (5) or systemic and repeatitive injection of anti-mCOL7 IgG (6) could be used for this purpose. Since it is challenging to predict the location of skin lesions in these models, anesthetics could be topically applied to skin regions accessible to scratching, e.g. face, abdomen, tail and feet. Given that only preventive application of dyclonine can inhibit the anti-mCOL7 IgG-mediated skin lesions, treatment of the abovementioned chronic mouse models of EBA with local anesthetics should be applied prior to the binding of pathogenic antibodies onto the antigen.

The finding of the current study might have clinical implications. Topical anesthetics are widely used to relieve pain and itching in numerous medical conditions (43). With regards autoimmune skin blistering diseases, application of anesthetics (e.g, lidocaine) to lesions has been used to reduce pain for patients with mucuous membrane pemphiogoid (44). However, to our knowledge, topical anesthetics have not been utilized to reduce itching and scratching. Our results suggest that topical anesthesia might be a potential treatment to prevent the development of skin lesion by inhibiting itching and scratching.

In conclusion, the current study provides evidence that scratching contributes to the initiation phase of the development of skin lesions in an acute mouse model of EBA. This finding may be of clinical importance because treatment of itch and scratching may decrease the subsequent development of skin lesions.
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Background

Bullous pemphigoid (BP) is an autoimmune blistering disorder that predominantly affects the elderly. As the main treatment for BP, systemic corticosteroids are often limited by their side effects. Safer treatment modalities are therefore needed. Dupilumab is a biologic agent used to treat BP in recent years.



Methods

Medical records of patients with moderate-to-severe BP were retrospectively reviewed. Twenty-four patients were included (follow-up period: 32 weeks), eight of whom received dupilumab in combination with methylprednisolone and azathioprine (dupilumab group) while the other 16 patients received methylprednisolone and azathioprine (conventional group). Response to dupilumab was evaluated by comparison of several parameters (time to stop new blister formation, time to reduce the systemic glucocorticoids to minimal dose, and total amount of methylprednisolone).



Results

The median age of patients in the dupilumab and conventional groups were 64.50 years (range: 22–90 years) and 64.50 years (range: 17–86 years), respectively. The median duration of disease before admission in the dupilumab group was 2 months (range: 1–240 months) and 2.5 months (range: 1–60 months) in the conventional group. The median time to stop new blister formation was 8 days (range: 1–13 days) and 12 days (range: 5–21 days) in patients of the dupilumab and conventional groups, respectively (p = 0.028 by Kaplan-Meier analysis). In addition, the median time to reduce the systemic glucocorticoids to minimal dose (methylprednisolone 0.08 mg/kg/day) was 121.5 and 148.5 days for the dupilumab and conventional therapy groups, respectively (p = 0.0053 by Kaplan-Meier analysis). The median total amount of methylprednisolone (at the time of reaching the minimal dose) used in the dupilumab group was 1,898 mg (range: 1,624–2,932 mg) while the cumulative dose of conventional group was 2,344 mg (range: 1,708–4,744 mg) (p = 0.036 by Mann-Whitney U test). The median total amount of azathioprine (at the time of reaching the minimal dose) used in dupilumab group was 8,300 mg (range: 7,100–10,400 mg) while the total dose of conventional group was 10,300 mg (range: 8,900–14,400 mg) (p = 0.0048 by Mann-Whitney U test). No adverse event related to dupilumab was recorded.



Conclusions

Dupilumab in addition to methylprednisolone and azathioprine seems superior to methylprednisolone/azathioprine alone in controlling disease progression and accelerating the tapering of glucocorticoids.





Keywords: bullous pemphigoid, dupilumab, IL-4/IL-13, pruritus, corticosteroid-spare



Introduction

Bullous pemphigoid (BP) is the most common autoimmune subepidermal blistering disease of the skin and primarily affects the elderly, especially those over the age of 70 years (1). The incidence of BP is increasing annually, with a global incidence of 2.4–21.7 individuals per million population (2–4). The pathogenesis is still unclear. BP180 and BP230 are two kinds of target antigens mainly involved in blister formation (5–7). In addition, type 2 proinflammatory cytokines, including interleukin-4 (IL-4) and interleukin-13 (IL-13), have been detected in blister fluid or skin biopsies of BP patients (8). Traditional therapies are limited by their side effects and their efficacy in preventing relapses of the disease (9). In recent years, biologic agents such as omalizumab (10–14) and rituximab (15–17) are widely used for refractory BP cases. Yet, there are very few reports suggesting the potential use of dupilumab in patients with BP (18–21). Dupilumab is a fully human IgG4 monoclonal antibody directed against the IL-4 receptor alpha (IL-4Rα) subunit that inhibits the signaling of IL-4 and IL-13, two type 2 cytokines (22). Herein, we conducted a retrospective study of dupilumab combined with methylprednisolone and azathioprine versus methylprednisolone and azathioprine for the treatment of patients with moderate-to-severe BP. 



Methods


Patients

Patients were eligible for inclusion if they exhibit:

	a) Presence of tense bullae on examination and a clinical picture consistent with BP. (A clinical picture consistent with BP: multiple itchy erythema and urticaria on the skin; multiple tense bullae and erosion on the skin.)

	b) Linear deposits of IgG and/or C3 at the dermoepidermal junction by direct immunofluorescence microscopy.

	c) Binding of IgG along the epidermal side by indirect immunofluorescence microscopy on human salt-split skin or serum IgG reactivity against BP180 and/or BP230 by immunoblotting or enzyme-linked immunosorbent assay.

	d) Moderate-to-severe BP: based on single BPDAI (perform evaluation of the following 1–3, and adopt the highest score) (23, 24)	Skin: erosions/blisters total score of BPDAI: mild <15, moderate 15–34, severe >34;

	Skin: urticaria/erythema total score of BPDAI: mild <20, moderate 20–34, severe >34;

	Mucosa: erosions/blisters total score of BPDAI: mild <10, moderate 10–24, severe >24.






Because the skin lesions of patients in both groups were mainly blisters and/or erosions, the “Skin: erosions/blisters total score of BPDAI” was adopted to determine the severity in our study.

We reviewed 24 patients with moderate-to-severe BP to evaluate the effects of the IL-4/IL-13 antagonist dupilumab (follow-up periods: 32 weeks). Eight of them received dupilumab combined with methylprednisolone and azathioprine (dupilumab group), and the other 16 patients received methylprednisolone and azathioprine (conventional group). No randomization was performed. Patients before June, 2020 were included in the conventional group and patients after June, 2020 in the dupilumab group. Clinical and hematological examination data were analyzed to determine the treatment outcomes. There was no significant difference between the groups in the patients’ baseline data. Basic demographic information for the subjects is shown in Table 1.


Table 1 | Baseline characteristics of the patients in both groups.





Treatment

Patients in the dupilumab group first received 600 mg dupilumab (induction dose) and then 300 mg every other week via subcutaneous injection. Concurrently, all participants in both groups received methylprednisolone (0.6 mg/kg/day) and azathioprine (2 mg/kg/day). All patients’ thiopurine s-methyltransferases were within normal levels. For both groups, the tapering schedule was identical where the initial treatment was first reduced 14 days after disease control (Figure 1). Disease control was defined as the point at which new lesions or pruritic symptoms ceased to form and established lesions began to heal (24). Minimal therapy was defined as <0.08 mg/kg/day of methylprednisolone and/or minimal adjuvant or maintenance therapy. Minimal adjuvant therapy and/or maintenance therapy was defined as following doses or less: azathioprine 0.7 mg/kg/day (with normal thiopurine s-methyltransferase level) (24). All subjects signed a consent form before treatment with dupilumab as currently required by Chinese authorities.




Figure 1 | Algorithm describing the distribution, the treatments, and taper schedule received by the patients with moderate-to-severe BP.





Outcomes

Primary outcomes:

	Time to stop new blister formation.

	Time to reduce the systemic glucocorticoids to minimal dose (methylprednisolone 0.08 mg/kg/day).

	Hospitalization duration.



Secondary outcomes:

	The level of itch was measured with Numeric Rating Scale (NRS) (weeks 0, 1, and 2). NRS was graded from 0, no itch, to 10, insupportable itching.

	Bullous Pemphigoid Disease Area Index (BPDAI) activity score (week 0, week 2).

	Eosinophil counts (week 0, week 2) and IgE (week 0, week 2).

	Clinical remission (32 weeks): definition of clinical remission was adopted from Murrell et al. (24):	- Complete remission off therapy: absence of new or established lesions or pruritus while patient is off all BP therapy for 2 months.

	- Complete remission on minimal therapy: absence of new or established lesions or pruritus while patient is receiving minimal therapy for at least 2 months.

	- Partial remission off therapy: presence of transient new lesions that heal within 1 week without treatment while patient is off all BP therapy for at least 2 months.

	- Partial remission on minimal therapy: presence of transient new lesions that heal within 1 week while patient is receiving minimal therapy for at least 2 months.

	- Mild new activity: <3 lesions/month (blisters, eczematous lesions, or urticarial plaques) that do not heal within 1 week or extension of established lesions or pruritus once/week but less than daily in patient who has achieved disease control; these lesions have to heal within 2 weeks.

	- Relapse/flare: appearance of >3 new lesions/month (blisters, eczematous lesions, or urticarial plaques) or at least one large (>10 cm diameter) eczematous lesion or urticarial plaques that do not heal within 1 week, or extension of established lesions or daily pruritus in patient who has achieved disease control.








Statistical Analysis

In the present study, all data were analyzed using Kaplan-Meier method, two-way RM ANOVA test, and the Mann-Whitney U test (GraphPad Software). All data were presented as medians and interquartile ranges (IQRs) for descriptive purposes. p-Values were two-sided and performed with the appropriate statistical tests using GraphPad Prism software 8.0.1. A significant difference was considered to be present at p < 0.05.




Results

We report the results of primary outcomes and selected secondary outcomes. The median age of patients in the dupilumab group was 64.50 years (range: 22–90 years) and 64.5 years (range: 17–86 years) of patients in the conventional group. The median duration of disease before admission in patients in the dupilumab group was 2 months (range: 1–240 months) and 2.5 months (range: 1–60 months) in patients in the conventional group, respectively. The median duration of dupilumab treatment in patients in the dupilumab group was 4 months (range: 3–6 months). There was no significant difference in the baseline data of these patients (Table 1).


Primary Outcomes in the Dupilumab Group Compared With the Conventional Group

The primary parameters included time to stop new blister formation, time to reduce the systemic glucocorticoids to minimal dose (methylprednisolone 0.08 mg/kg/day), and hospitalization duration. Compared with the conventional group, we found that the dupilumab group was associated with shorter time to stop new blister formation (Figure 2A) in patients with BP (p = 0.028 by Kaplan-Meier analysis). Specifically, the median time to cessation of new blisters was 8.0 and 12.0 days in the dupilumab and the conventional groups, respectively. Additionally, time to reduce the systemic glucocorticoids to minimal dose (Figure 2B) was significantly shorter in patients with dupilumab treatment (p = 0.0053 by Kaplan-Meier analysis). For patients in the dupilumab and conventional groups, the median time to reduce the systemic glucocorticoids to minimal therapy were 121.5 and 148.5 days, respectively. The median total amount of methylprednisolone (at the time of reaching the minimal dose) used in dupilumab group was 1,898 mg (range: 1,624–2,932 mg) while the cumulative dose of conventional group was 2,344 mg (range: 1,708–4,744 mg) (Figure 2D; p = 0.036 by Mann-Whitney U test). The median total amount of azathioprine (at the time of reaching the minimal dose) used in the dupilumab group was 8,300 mg (range: 7,100–10,400 mg) while the total dose of the conventional group was 10,300 mg (range: 8,900–14,400 mg) (Supplementary Figure 2D; p = 0.0048 by Mann-Whitney U test). To our surprise, there was no significant difference in hospital duration between the groups (Figure 2C). However, our relatively small sample size may limit what differences can be observed.




Figure 2 | Primary outcomes in the dupilumab group compared with the conventional group. (A) Time to stop new blister formation (p = 0.028 by Kaplan-Meier analysis). (B) Time to reduce the systemic glucocorticoids to minimal dose (methylprednisolone 0.08 mg/kg/day) (p = 0.0053 by Kaplan-Meier analysis). (C) Hospitalization duration (p > 0.05 by Kaplan-Meier analysis). The numbers in green and red represent the median number of days for the dupilumab group and conventional group, respectively. (D) The total amount of methylprednisolone administered to patients in the dupilumab group and conventional group (at the time of reaching the minimal dose) (p = 0.036 by Mann-Whitney U test) (*p < 0.05; **p < 0.01; ns, not significant).





Assessment of Secondary Outcomes in Both Groups

Secondary parameters included NRS score, BPDAI activity score, and counts of eosinophil and IgE. NRS score was assessed at different time points (weeks 0, 1, and 2). Patients had a significant itch with an NRS score ranging from 4 to 10 at week 0 in both groups. The NRS score had decreased to varying degrees in both groups at week 2 (Figure 3A: dupilumab group; Figure 3B: conventional group; p < 0.001 by Mann-Whitney U test). In our study, patients in the dupilumab group showed more privileges in relieving itch (Figure 3C, p = 0.034, two-way RM ANOVA). However, there was no significant difference between the two groups in NRS score from weeks 2 to 32 (Supplementary Figure 2A; p > 0.05, two-way RM ANOVA).




Figure 3 | Comparison of NRS score between two treatment groups. NRS score has decreased to varying degrees from weeks 0 to 2 in the dupilumab group (A) (***p < 0.001 by Mann-Whitney U test), and the conventional group (B) (***p < 0.001 by Mann-Whitney U test). (C) Patients in dupilumab group showed more privileges in relieving itch (p = 0.034 by two-way RM ANOVA).



BPDAI activity score was used as an international standard to evaluate disease severity of BP. There was the single BPDAI (skin: erosions/blisters) score used in severity determination. The median BPDAI activity score in patients in the dupilumab group was 34.25 (range: 19–75) at week 0 and 3.7 (range: 0–9) at week 2, while that of the conventional group was 36 (range: 21–71) and 16 (range: 7–33), respectively. BPDAI activity score significantly decreased from weeks 0 to 2 in both groups (Figure 4A: dupilumab group, Figure 4B: conventional group; p < 0.001 by Mann-Whitney U test). Consistent with the NRS score data, it has been indicated that patients’ BPDAI activity score declined more rapidly in the dupilumab group (Figure 4C, p = 0.0308, two-way RM ANOVA). However, there was no significant difference between the two groups in BPDAI score from weeks 2 to 32 (Supplementary Figure 2B; p > 0.05, two-way RM ANOVA).




Figure 4 | Comparison of single BPDAI (skin: erosions/blisters) score between two treatment groups. BPDAI score has declined to varying degrees from weeks 0 to 2 in the dupilumab group (A) (***p < 0.001 by Mann-Whitney U test) and the conventional group (B) (***p < 0.001 by Mann-Whitney U test). (C) BPDAI score decreased more rapidly in patients in the dupilumab group than the conventional group (p= 0.0308 by two-way RM ANOVA).



Only four patients in the dupilumab group had an increased percentage of eosinophils (EOS%) at week 0 (range: 9.6%–24.8%) while the other four patients’ EOS% were within the normal range. There were 11 patients in the conventional group with increased EOS% at week 0 (range: 5.4%–23.5%) while the other five patients’ EOS% were within the normal range. All patients showed normal EOS% at week 2 in the dupilumab group (Figure 5A; p > 0.05, Mann Whitney U test) while two patients retained an increased EOS% in the conventional group (Figure 5B; p > 0.05, Mann Whitney U test). There was no significant difference in decreasing patients’ EOS% between the dupilumab and conventional groups (Figure 5C p > 0.05, two-way RM ANOVA).




Figure 5 | Comparison of EOS% between two treatment groups. EOS% has decreased to varying degrees from weeks 0 to 2 in the dupilumab group (A) (ns, not significance; p > 0.05 by Mann-Whitney U test) and the conventional group (B) (ns, not significance; p > 0.05 by Mann-Whitney U test). (C) Comparison of improvement in EOS% in both groups (p > 0.05 by two-way RM ANOVA).



In the dupilumab group, four patients had elevated counts of IgE (range: 308–18,500 IU/ml) while the other four patients were in the normal range at week 0. In the conventional group, 11 patients had elevated counts of IgE (range: 215–6,550 IU/ml) while the other five patients were in the normal range at week 0. We found that IgE counts decreased to varying degrees at week 2 in both groups with no significant statistical difference (Figure 6A: dupilumab group, Figure 6B: conventional group; p > 0.05, Mann-Whitney U test). In addition, there was no significant difference in declining patients’ IgE between groups (Figure 6C, p > 0.05, two-way RM ANOVA).




Figure 6 | Comparison of IgE between two treatment groups. IgE has decreased to varying degrees from weeks 0 to 2 in the dupilumab group (A) (ns, not significant; p > 0.05 by Mann-Whitney U test) and the conventional group (B) (ns, not significant p > 0.05 by Mann-Whitney U test). (C) Comparison of improvement in IgE in both groups (p > 0.05 by two-way RM ANOVA).



Clinical remission was another secondary outcome. The rates of patients who achieved complete remission (off therapy or with minimal therapy) were 62.5% and 56% in the dupilumab and conventional groups, respectively. Moreover, one patient (12.5%) in the dupilumab group and four patients (25%) in the conventional group obtained partial remission (off therapy or with minimal therapy). Three patients (18.75%) in the conventional group relapsed within 32 weeks while there was only one recurrence (12.5%) in the dupilumab group. For the four relapse cases during the dose-reduction period, the dose of methylprednisolone was increased to the previous level and topical corticosteroid was added (Table 2). There were no treatment failures in either group.


Table 2 | Details of relapsed cases in both groups.






Discussion

BP is an autoimmune blistering disease that is characterized by tense bullae and pruritus. The mortality rate of patients suffering from BP is as high as 6% to 41% (25–27). The conventional treatment with prolonged high-dose systemic corticosteroids is likely to cause unavoidable side effects. In BP, auto-antibodies directed against hemidesmosome proteins BP180 and/or BP230 lead to the development of subepidermal blisters (28). In addition, many studies have shown that type 2 cytokines, including IL-4 and IL-13, are involved in the pathogenesis of BP (29, 30).

Dupilumab is a human monoclonal antibody directed to IL-4Rα, which modulates type 2 inflammation by inhibiting IL-4 and IL-13 signaling (31). Yet, only a few reports have demonstrated that refractory BP can be potentially treated with dupilumab (18–21). Our study is a retrospective study to evaluate the efficacy and safety of dupilumab in combination with methylprednisolone and azathioprine in patients with moderate-to-severe BP compared with treatment with methylprednisolone and azathioprine alone.

We found that dupilumab showed certain superiority in the treatment of moderate-to-severe BP. It significantly reduced the time to stop new blister formation (8.0 vs. 12.0 days in the dupilumab and conventional groups, respectively, p = 0.028). On the other side, prolonged use of methylprednisolone may cause many side effects affecting multiple systems (32). In our study, dupilumab appeared to have a corticosteroid-sparing effect when duration of corticosteroid use in both groups was compared (121.5 vs. 148.5 days in the dupilumab and conventional therapy groups, respectively, p = 0.0053). The total amount of methylprednisolone used in the dupilumab and conventional groups also showed significant difference (1,898 vs. 2,344 mg in the dupilumab and conventional therapy groups, respectively, p = 0.036). In addition, the total amount of azathioprine used in the dupilumab and conventional groups also showed significant difference (8,300 vs 10,300 mg in the dupilumab and conventional therapy groups, respectively, p = 0.0048). It is obvious that the encouraging results are due to the early reduction of glucocorticoids and early progression to minimal therapy in the dupilumab group.

The baseline NRS scores of patients in both groups were ≥4. Our data showed that dupilumab significantly improved pruritus at week 2. This is consistent with the treatment of atopic dermatitis (AD) and significantly improves life quality (29, 31). Nevertheless, to our surprise, dupilumab showed no effect in accelerating the downregulation of the elevated eosinophil counts in BP patients in the current study. We think that this is because the systemic application of glucocorticoids alone is sufficient to reduce the level of peripheral blood eosinophils within a few hours (33). The efficacy of dupilumab in relieving pruritus may emphasize the type 2 immunity, which contributes to pruritus in AD and BP (19).

In the current study, patients in the dupilumab group showed higher complete remission rate (62.5% vs. 56% in the dupilumab and conventional groups, respectively). In addition, our study indicated that patients in the dupilumab group had a decreased rate of relapse than in the conventional group (12.5% vs. 18.75%). However, there was no significant difference between the two groups in clinical remission. We considered that this was because of the small sample size and short follow-up period. The ongoing enrollment will enlarge the sample size with longer follow-up to further verify the efficacy of dupilumab in treatment of patients with BP.

The adverse events in both groups were described in detail in Table 3. There was no serious adverse event observed in either group. Furthermore, it is worth mentioning that no adverse events related to dupilumab were found in our study.


Table 3 | Details of adverse events in both groups.



Collectively, compared with other studies (18, 20, 34), our study determined the same advantage of dupilumab in BP treatment. The novelty that our study proposes for the first time is that dupilumab in addition to methylprednisolone and azathioprine seems superior to methylprednisolone/azathioprine alone in controlling disease progression and accelerating the tapering of glucocorticoids (Figure 7).




Figure 7 | Clinical photographs of one patient with BP who received dupilumab in combination with conventional therapy. Admission (A); 2 weeks after dupilumab (600 mg) treatment (B).



Potential limitations include the retrospective nature of the data, single-center nature, and small sample size. Our study highlights the effectiveness of dupilumab in BP treatment and hence deserves replication in larger samples and future randomized controlled trials. The ongoing study will allow for further analyses involving larger sample size with longer follow-up. 



Conclusion

As a retrospective study to evaluate the efficacy and safety of dupilumab in patients with moderate-to-severe BP, dupilumab is found effective in combination with methylprednisolone and azathioprine compared with methylprednisolone and azathioprine alone. In addition, dupilumab showed a potential corticosteroid-sparing effect without significant side effects. This study provides useful guidance on the clinical use of dupilumab in the treatment of patients with moderate-to-severe BP. More studies are needed to confirm the efficacy and safety of dupilumab treatment. 
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Laminin-332 pemphigoid is a rare and severe autoimmune blistering disease, caused by IgG autoantibodies targeting laminin-332 in the dermal-epidermal basement zone. Laminin-332 pemphigoid is characterized by variable inflammatory infiltrate and the predominance of non-complement-fixing antibodies. Given these findings, we hypothesized that IgG autoantibodies to laminin-332 directly resulted in keratinocyte expression of inflammatory factors. We performed RNA-seq on primary human keratinocytes treated with IgG from patients with laminin-332 pemphigoid. Genes for numerous cytokines and chemokines were upregulated, including CSF2, CSF3, CXCL1, CXCL5, CXCL3, CXCL8, CXCL10, CXCL1, IL6, IL7, IL15, IL23, IL32, IL37, TGFB2 as well as metalloproteases. Considering the pro-inflammatory and proteolytic effect of autoantibodies from patients with laminin-332 pemphigoid identified in our initial experiment, we next questioned whether the reactivity against specific laminin subunits dictates the inflammatory and proteolytic keratinocyte response. Then, we treated keratinocytes with IgG from a separate cohort of patients with reactivity against individual subunits of laminin-332. We identified upregulation of IL-1α, IL-6, IL-8, CXCL1, MMP9, TSLP, and GM-CSF at the protein level, most notably in keratinocytes treated with IgG from laminin β3-reactive patients. We for the first time demonstrated a pro-inflammatory response, similar to that described in keratinocytes treated with IgG autoantibodies from patients with bullous pemphigoid, providing novel insight into the pathogenesis of laminin-332 pemphigoid and laminin-332 biology.




Keywords: laminin-332 pemphigoid, keratinocyte, RNA-seq, autoimmune blistering diseases, immunobullous disease



Introduction

Laminin-332 pemphigoid, a subtype of mucous membrane pemphigoid (MMP), is a rare and severe autoimmune blistering disease, caused by IgG autoantibodies targeting laminin-332 in the dermal-epidermal basement zone (BMZ) (1–3). Laminin-332 is an extracellular glycoprotein composed of the α3, β3, and γ2 subunits with a large G domain at the base containing epidermal growth factor-based repeats (4, 5). The α3 subunit is the most frequently targeted subunit in laminin-332 pemphigoid, followed by γ2 and β3 (6, 7). Laminin-332 pemphigoid has been associated with a more aggressive phenotype and with extensive laryngopharyngeal involvement (6, 8–11).

Several animal models have supported the pathogenicity of anti-laminin-332 IgG (12–14). The role of complement in inducing local inflammatory response and subsequent blistering remains unclear. For example, passive transfer experiments in neonatal mice demonstrate anti-laminin-332 IgG induced blistering, but a lack of local inflammation and significant mucosal involvement. In an adult mouse model of laminin-332 using anti-α3 antibodies, a more characteristic clinical phenotype with a local inflammatory response was appreciated in an Fc-dependent manner (14). Histologically, laminin-332 pemphigoid is characterized by variable inflammatory infiltrate (14, 15). It has also been reported that non-complement-fixing IgG antibodies against laminin 332 are the predominant class of autoantibodies deposited at the cutaneous BMZ in patients with laminin-332 pemphigoid (16). As such, it is likely that complement-independent inflammatory pathways exist in human disease.

Aside from their structural role, hemidesmosomal proteins may additionally regulate the local inflammatory response. For example, IgG autoantibodies to collagen XVII in bullous pemphigoid (BP) lead to internalization of collagen XVII in keratinocytes (17), with upregulation of the pro-inflammatory cytokines, IL-6 and IL-8. Genetic modification of collagen XVII additionally induces eosinophilia and keratinocyte expression of thymic stromal lymphopoietin (TSLP) (18). Notably, the presence of complement deposition in BP was inversely related to the presence of lesional neutrophils, thus suggesting a complement-independent inflammatory mechanism. As such, it is evident that numerous complement-independent pathways exist in BP (19).

Given the heterogeneity of cutaneous inflammation and the predominance of non-complement-fixing antibodies in laminin-332 pemphigoid, we hypothesized that IgG autoantibodies to laminin-332 directly resulted in keratinocyte expression of inflammatory factors.



Materials and Methods


Patients

All analyses of human materials were performed in accordance with the principles in the Declaration of Helsinki and approved by the ethical committee at the University of Illinois at Chicago, Rush University Medical Center, Philipps University, and Kurume University School of Medicine. Diagnosis of laminin-332 mucous membrane pemphigoid in the first cohort of patients was based on clinical presentation of MMP, direct immunofluorescence (DIF) demonstrating linear IgG deposition at the cutaneous BMZ, and with indirect immunofluorescence (IIF) against the dermal side of salt-split skin. All patients were screened and negative for BP180/BP230 antibodies (20). ELISA was performed using affinity purified native human laminin-332 (containing α3, β3, and γ2 subunits) from the squamous cell carcinoma cell line SCC25 as previously described (20). Diagnosis in the second cohort of patients was also based on DIF and salt-split IIF and/or immunoblots against each individual subunit of laminin-332. All sera were screened for the presence of BP180, BP230, and collagen 7 antibodies by ELISA, and p200 by immunoblotting. As epitope spreading is a common phenomenon, sera containing antibodies against BP180 or BP230 were not excluded from analysis as IIF showed only a dermal pattern. One patient additionally demonstrated autoantibodies to the p200 antigen, but this was considered to be epitope spreading, as the patient had aggressive mucous membrane disease, clinically most consistent with laminin-332 pemphigoid. Autoantibody profiles are shown in Table 1. Control human serum (Thermo Fisher Scientific, Waltham, MA, USA) was purchased.


Table 1 | Laminin-332 pemphigoid patients with IgG reactivity against a single subunit of laminin-332.





IgG Purification

IgG extraction was performed using Pearl IgG Purification Kits (G-Biosciences, St. Louis, MO, USA) according to manufacturer’s instructions. Isolated IgG was subsequently washed and concentrated using Amicon Ultra-15 centrifugal filter units with a 100kDa filter in PBS (Millipore Sigma, Burlington, MA, USA).



Cell Culture

Primary adult human keratinocytes (PHKs) (Thermo Fisher Scientific, Waltham, MA, USA) were cultured in EpiLife Medium with Human Keratinocyte Growth Supplement (Thermo Fisher Scientific, Waltham, MA, USA) in a humidified atmosphere of 5% CO2 at 37°. Fresh culture media were replaced every 48 h. When confluency reached 80-90%, cells were treated with the patients’ IgG (3.5 ug/ul) or normal human IgG for 24 h. Each sample represents a distinct culture. Finally, cells were washed twice with PBS and were stored at −80°C until RNA extraction. Culture supernatants were stored at −80°C until Luminex and ELISA assays were performed.



RNA-Purification and RT-qPCR

Total RNA from PHKs was isolated using miRNeasy Mini Kit following the manufacturer’s instructions (Qiagen Inc., Germantown, MD, USA). On-Column DNase I Digestion was performed to prevent genomic DNA contamination. The RT and real-time PCR were performed as previously described (21). Briefly 1 μg of total RNA was reverse transcribed to 100 μl of cDNA. Samples were run in duplicates, and the PCR were carried out using a Stratagene Mx3000 real-time PCR machine (Agilent Technologies, Inc., Santa Clara, CA, USA). GAPDH was used as the internal reference. The standard –ddCT method was used to measure the relative mRNA expression. 2-ΔΔCT values were compared using student’s T-test with significance defined as P < 0.05. Primers used in this study were synthesized by Integrated DNA Technologies Inc. (Coralville, IA, USA). Primers used are provided in Supplementary Table 1.



Next Generation Sequencing Library Preparation and Sequencing

Library preparation was performed as previously described (22). RNA quantity and quality were assessed using a Nanodrop 1000 spectrophotometer (Nanodrop, Thermo Fisher Scientific, Waltham, MA, USA), with RNA integrity number and concentration checked using an Agilent 2100 Bioanalyzer (Agilent Technologies, Inc., Santa Clara, CA, USA). Isolated RNA samples were subsequently prepared for construction of transcriptome libraries. Poly (A) mRNA was isolated and enriched from total RNA using oligo (dT)-attached magnetic beads according to the manufacturer’s (Illumina, San Diego, CA, USA) instructions. Enriched and purified mRNA was subsequently broken into approximately 200 nt short mRNA with random hexamers used as primers to synthesize first-strand cDNA. Second-strand cDNA was synthesized in a buffer containing dNTPs, DNA polymerase I, and RNaseH. Suitable fragments were isolated and enriched by PCR amplification. Finally, the constructed cDNA libraries of the samples were sequenced using an Illumina HiSeq sequencing platform (San Diego, CA, USA). Raw data was uploaded to the Gene Expression Omnibus under the accession number GSE182644.



Data Processing and Visualization

Filtered clear reads were mapped to the reference genome by HISAT2 (23). Mapped reads were converted to Fragments Per Kilobase of transcript per Million mapped reads (FPKM), and subsequently quantified with Cuffquant and Cuffnorm (24). DESeq was used for normalization and to analyze differentially expressed genes (25). Fold change ≥ 2 and false discovery rate <0.05 were set as screening criteria. Gene Ontology was assessed using the topGO package (26), utilizing the gene ontology database (http://geneontology.org/). Heat maps were generated using FPKM values using the Morpheus online server (https://software.broadinstitute.org/morpheus).



Luminex and ELISA Assays

Luminex multiplex kits for IL-1a, IL-6, IL-8, CXCL1, matrix metalloproteinase 9 (MMP9), and TSLP were purchased from R&D systems (Minneapolis, MN, USA). Supernatants were diluted per manufacturer recommendations using a Flexmap 3D system (Luminex, Austin, TX, USA), performed at the Rush University Medical Center Biomarker Development Core. GM-CSF and HSPA5 ELISA were purchased from Thermo Fisher Scientific (Waltham, MA, USA) and MyBioSource (San Diego, CA, USA), respectively. Samples in Luminex and ELISA assays were run in duplicate. ELISAs were performed per the manufacturer’s instructions and read on a Tecan Spark plate imager (Tecan Group Ltd., Männedorf, Switzerland). Standard curves were calculated for all markers. To compare concentrations between controls and each laminin-subunit reactive, we used a one-way ANOVA with Tukey’s test (GraphPad Prism 6). Significance was set at P < 0.05. ClustVis was used to perform principal component analysis (27). Expression heat map was generated by normalizing protein concentrations and subsequently visualized using the heatmapper server (28).




Results


IgG From Patients With Laminin-332 Pemphigoid Results in Upregulation of Numerous Pro-Inflammatory Genes as Identified by RNA-Seq

Whole transcriptome sequencing was used to profile expression of primary keratinocytes treated with IgG from patients with untyped laminin-332 pemphigoid (n=4) or control serum (n=3). We obtained an average of 40.1 million clean reads per sample. An average of 96% genes mapped to the human genome. Principal component analysis demonstrates two distinct clusters between keratinocytes treated with laminin-332 IgG or control IgG (Figure 1). 3,228 genes are differentially expressed (2,050 up, 1,179 down). The top 50 most significantly differentially expressed genes by false discovery rate are shown in (Figure 1). Supplementary Table 2 summarizes all significantly differentially expressed genes.




Figure 1 | Primary human keratinocytes were treated for 24 hours with 3.5μg/μL of IgG from patients with laminin-332 pemphigoid (n=4), or control IgG. 3 different cultures were used for control IgG treatments. RNA-seq was performed on keratinocytes, resulting in (A) 3,228 genes to be differentially expressed (2,050 up, 1,179 down) as shown on a Volcano plot. (B) Principal component analysis demonstrating discrete clusters between laminin-332 IgG autoantibody treated keratinocytes (Lam.pt) as compared to health control (H.IgG). (C) Expression heat map of selected cytokines, chemokines, heat shock proteins, proteases, and structural proteins. (D) Top 50 differentially expressed genes as sorted by false discovery rate, shown from most highly upregulated down regulated.



As hypothesized, genes for numerous cytokines and chemokines were significantly upregulated, including CSF2, CSF3, CXCL1, CXCL5, CXCL3, CXCL8, CXCL10, CXCL1, IL6, IL7, IL15, IL23, IL32, IL37, TGFB2. Only TGFB3 and IL34 genes were downregulated. Interestingly, numerous heat shock genes were differentially expressed with HSP90B1, HSP90B2P, HSP90B3P, and HSPA5 highly upregulated, while HSPA2, HSPA4L, HSPA14, HSPB8, HSPE1P2, and HSPA6 were down regulated. Numerous proteases were additionally upregulated including MMP1, MMP2, MMP9, MMP10, MMP12, MMP14, MMP15, MMP19, MMP24, ADAM8, ADAM12, ADAM19, and ADAM21. Of these, MMP9 and ADAM19 were most highly upregulated. Lastly, hemidesmosomal genes COL17A1, COL7A1, LAMA3, LAMB3, and LAMC2 were upregulated. Heat map of select proteases, heat-shock proteins, cytokines, chemokines, and structural proteins are shown in (Figure 1).



qPCR Validation of Select Genes Identified by Next Generation Sequencing

To confirm next generation sequencing findings, RT-qPCR was performed on a subset of genes from the same samples. These genes covered several functional clusters such as proteases, structural proteins, inflammatory molecules, and heat shock response. RT-qPCR confirmed significant upregulation (P < 0.05) in all assessed genes: ADAM19, MMP9, COL17A1, LAMA3, VIM, ICAM-1, CSF2, CSF3, IL23a, IL-32, HSPA5, and HSP90B1 (Figure 2).




Figure 2 | RT-PCR was performed to confirm next generation sequencing findings in several gene classes including cytokines, chemokines, heat shock proteins, proteases, and structural proteins. RT-PCR was performed in duplicates of laminin (n=4) or control cultures (n=3). Upregulation of ADAM19, MMP9, COL17A1, LAMA3, VIM, ICAM1, CSF2, CSF3, IL23A, IL32, HSPA5, and HSP90B1. Values indicate fold-change of laminin treated keratinocytes (n=4) relative to control treated cultures (n=3). Student’s T-test was used. All genes were confirmed as significant with P < 0.05.





Functional Enrichment

Gene ontology assessment for biologic processes demonstrated significant enrichment of extracellular structures, epidermal development, and inflammasome activation (response to lipopolysaccharide), as well as various aspects of DNA replication. Functional enrichment for cellular components demonstrated enhancement in notable pathways including extracellular matrix genes and basement membranes genes, while enrichment for molecular function demonstrated notable effects on glycosaminoglycan binding, cytokine binding, integrin binding, and transmembrane receptor protein kinase activity pathways (Supplementary Figure 1).



Treatment of Primary Human Keratinocytes With IgG From Laminin-332 Pemphigoid Specific to Each Subunit

Considering the pro-inflammatory and proteolytic effect of IgG autoantibodies from patients with laminin-332 pemphigoid on keratinocytes identified in our initial experiment, we next looked to validate several of the key findings in a larger cohort of patients with laminin-332 pemphigoid. Additionally, we questioned whether the reactivity against specific laminin subunits affects the inflammatory and proteolytic keratinocyte response. We treated PHK with IgG from a separate cohort of patients with reactivity against only either laminin α3 (n=5), laminin β3 (n=4), or laminin γ2 (n=5). Patient demographics are shown in Table 1.

We next evaluated IL-1α, IL-6, IL-8, CXCL1, MMP9, GM-CSF protein expression using Luminex and ELISA assays, confirming overall upregulation. We additionally evaluated TSLP as a pro-inflammatory marker which has been described in BP; this too was elevated at the protein level, though not significantly increased at the mRNA level by RNA-seq. Inflammatory markers were consistently most elevated in patients with reactivity against the laminin β3 subunit (Figure 3). We did not find a difference in HSPA5 expression among different groups. Protein expression heat map demonstrates heterogeneity within responses from each subunit, however, heatmap and principal component analysis demonstrate striking distinction between laminin β3 reactivity, and both control and laminin α3 (Figure 4). Given the limited sample size and records, we were unable to identify significant association between pro-inflammatory effect of patients’ IgG with their histologic or clinical presentations.




Figure 3 | Primary human keratinocytes were treated for 24 hours with 3.5μg/μL of IgG from patients with laminin-332 pemphigoid with autoreactivity against either laminin α3 (n=4-5), laminin β3 (n=4), laminin γ2 (n=4-5), or control (n=4). Luminex and ELISA assays were performed to quantify supernatant protein expression.  Bar charts demonstrate significant upregulation of IL-1a, IL-6, IL-8, CXCL1, MMP9, TSLP, and GM-CSF by one way ANOVA (P < 0.05). Bars indicate Tukey’s test for multiple comparisons between groups (*P <0.05, **P < 0.01, ***P < 0.001). HSPA5 levels did not significantly differ. Values shown are for a single experiment.






Figure 4 | (A) Principal component analysis of supernatant protein concentrations spatially represents control IgG versus each laminin subunit, with greatest distinction between laminin β3 autoreactivity and control IgG. Only samples with protein levels for all markers were included in PCA. (B) Normalized concentrations of supernatant proteins presented as a heat map demonstrate upregulation of inflammatory markers in laminin β3-IgG treated keratinocytes followed by laminin γ2-IgG treated keratinocytes.






Discussion

Local inflammatory responses in laminin-332 pemphigoid vary significantly in human disease and in different in vivo models (13–15, 28). Though complement activation can account for a portion of the inflammatory response and is required in some animal models (14), this is at odds with the finding of a predominance of non-complement fixing IgG autoantibodies in patients with laminin-332 pemphigoid (16). The aim of this study was to test the hypothesis that IgG autoantibodies to laminin-332 trigger a pro-inflammatory response in keratinocytes. While in BP, this phenomenon has been well described and accounts for part of the complement-independent mechanism of blistering and inflammatory response (29, 30), it has not previously been described in laminin-332 pemphigoid. We herein demonstrate upregulation at both the mRNA and protein levels of numerous pro-inflammatory cytokines and chemokines in keratinocytes treated with anti-laminin-332 IgG. We additionally demonstrate significant transcriptional upregulation of heat shock proteins and metalloproteases, which have been described to have a contributory mechanism in other autoimmune blistering disorders (31–34). We have identified IgG autoantibodies against the laminin β3 subunit as having the most pro-inflammatory effect, followed by anti-γ2, and anti-α3 laminin. Interestingly, anti-laminin β3 autoantibodies are the least prevalent autoantibodies in laminin-332 pemphigoid (6, 7).

A few limitations must be noted. We selected patients with IgG autoantibodies to each subunit specifically. However, patients often harbor IgG autoantibodies to several domains of laminin-332 concurrently. As such, synergistic effects of autoantibodies targeting different subunits were not identified in this approach. Additionally, the presence of concomitant autoantibodies may contribute a small degree to these findings. For example, BP180 antibodies are known to induce a pro-inflammatory response. As these antibodies were detected by ELISA, but no epidermal staining was appreciated on IIF, two samples were included.

We did not exclude patients who had positive ELISA for BP180/BP230 when looking at laminin subtype. It should be noted that IIF was only positive on dermal side for all of these, so BP180/BP230 autoantibodies are likely at a far lower concentration relative to laminin sub-unit specific antibodies or are not against pathogenic epitopes. Patient LAMA3-IgG3 had antibodies to BP180/BP230 but did not appear to significantly differ from other LAMA3 sera on PCA analysis. When evaluating the protein expression heatmap, the presence of BP180 antibodies do not appear to affect the inflammatory response. In fact, patient LAMB3-IgG1, and LAMA3-IgG3 do not demonstrate particularly high expression relative to the other LAMB3. Thus, the presence of these antibodies appears insufficient to explain our pro-inflammatory findings. While patient LAMC2-IgG3 additionally had autoantibodies against the p200 antigen detected by immunoblot, the patient’s clinical presentation was consistent with laminin-332 mucous membrane pemphigoid. Nevertheless, we cannot rule out a contributory role of p200 antibodies. Analysis of LAMC2 treated patient does not reveal comparable clustering to other subunits. Yet, the most notable ‘outlier’ is patient LAMC2-IgG2, who only expressed autoantibodies to LAMC2. Lastly, we were unable to correlate histopathological findings with keratinocyte cytokine expression levels due to a limited number of specimens with histology.

In addition to identifying potential complement-independent inflammatory mechanisms in laminin-332 pemphigoid, these findings shed light on laminin-332 as an active regulator of cell signalling and function. Extracellular matrix proteins not only serve as structural proteins but affect cell signalling through protein-protein interactions (35). Blockade of laminin α3 and integrin α3β1 interactions are known to lead to keratinocyte differentiation (36). We have recently identified this keratinocyte differentiation to sufficiently induce blistering in 3D skin equivalents, through a protein kinase C and NOTCH dependent pathway (Bao et al., in submission). Notably, RNA-seq in our samples of laminin-332 IgG treated keratinocytes failed to demonstrate keratinocyte differentiation, but rather showed restorative upregulation of hemidesmosomal genes. Whether patient IgG autoantibodies failed to block laminin α3 and integrin α3β1 interaction seen in studies using monoclonal antibodies, or whether IgG autoantibodies to multiple differing epitopes prevent this keratinocyte differentiation requires further study. This does, however, point the importance of polyclonality in patient samples which may be missed when using a monoclonal antibody. We additionally identified distinct inflammatory responses to antibodies against the laminin β3 and γ2 subunit that were absent in patients with laminin α3 autoantibodies. This suggests these subunits may have discrete signalling partners in the BMZ homeostasis from laminin α3.

While we were unable to confirm upregulation of heat shock proteins at the protein level, transcriptional upregulation of HSP90B1, HSP90B2P, HSP90B3P, and HSPA5 was notable. Heat shock protein activation in pemphigoids is well described, and heat shock proteins can be overexpressed in keratinocytes, fibroblasts, or leukocytes. Activation of HSP90, cHSP70, and HSP27 has been described in the stroma of ocular pemphigoid. HSP47 is activated in fibroblasts from MMP and ocular cicatricial pemphigoid (37, 38). However, studies in BP have noted strong Hsp90 overexpression in the epidermis. Similarly, stimulation of keratinocytes with BP-IgG can induce HSP90 expression (39). Inhibition of keratinocyte Hsp90 led to a decrease in BP-IgG induced IL-6 and IL-8 expression (40). Inhibition of Hsp90 has also demonstrated therapeutic efficacy in in vivo models of epidermolysis bullosa acquisita, though its mechanism of action appears to be tied towards neutrophil function (41, 42). Thus, the discovery of significant upregulation of Hsp90 genes HSP90B1, HSP90B2P, HSP90B3P in laminin-332 pemphigoid IgG treated may present a possible therapeutic approach.

The role of laminin-332 in carcinogenesis warrants further discussion. Laminin-332 pemphigoid is thought to arise more commonly in patients with underlying malignancy (43). Additionally, laminin-332 is known to play a significant role in tumorigenesis (5, 44–46). Significant research has implicated laminin-332 and integrin signalling in cell migration and invasion in cancer (46). Our study demonstrated direct induction of several inflammatory cytokines by keratinocytes treated with laminin-332 autoantibodies reactive against the β3 and γ2 subunits. While laminin-332 can regulate numerous aspects of tumorigenesis through binding with other BMZ components (47), its ability to regulate local inflammation remains unclear in cancer and is primarily described in inflammatory bowel disease (48–50).

In conclusion, we have characterized the keratinocyte transcriptome as a response to laminin-332 pemphigoid IgG. We for the first time have demonstrated a pro-inflammatory response, similar to that described in keratinocytes treated with IgG autoantibodies from patients with BP. These insights improve our understanding of laminin-332 pemphigoid pathogenesis and laminin-332 biology.
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Anti-laminin 332 mucous membrane pemphigoid (MMP) is an autoimmune blistering disease characterized by predominant mucosal lesions and autoantibodies against laminin 332. The exact diagnosis of anti-laminin 332 MMP is important since nearly 30% of patients develop solid cancers. This study compared two independently developed diagnostic indirect immunofluorescence (IF) tests based on recombinant laminin 332 expressed in HEK239 cells (biochip mosaic assay) and the migration trails of cultured keratinocytes rich in laminin 332 (footprint assay). The sera of 54 anti-laminin 332 MMP, 35 non-anti-laminin 332 MMP, and 30 pemphigus vulgaris patients as well as 20 healthy blood donors were analyzed blindly and independently. Fifty-two of 54 and 54/54 anti-laminin 332 MMP sera were positive in the biochip mosaic and the footprint assay, respectively. In the 35 non-anti-laminin 332 MMP sera, 3 were positive in both tests and 4 others showed weak reactivity in the footprint assay. In conclusion, both assays are easy to perform, highly sensitive, and specific, which will further facilitate the diagnosis of anti-laminin 332 MMP.
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Introduction

Anti-laminin 332 mucous membrane pemphigoid (MMP) is a subepidermal blistering autoimmune disease defined by predominant mucosal lesions and autoantibodies against laminin 332, formerly known as laminin 5 and epilegrin (1–4). Laminin 332 is a heterotrimer consisting of α3, β3, and γ2 chains (5). The protein is part of the dermal–epidermal junction interacting with integrin α6β4, integrin α3β1, BP180 (type XVII collagen), and type VII collagen (5). Anti-laminin 332 MMP comprises 10%–25% of MMP patients (6, 7) and was reported to be associated with malignancies in 25%–30% of patients (3, 4, 8–14). Therefore, a sensitive and specific detection of anti-laminin 332 autoantibodies is of great importance to identify patients at risk of a malignancy and to initiate a tumor search in the anti-laminin 332-reactive MMP patients.

Several in-house methods for the detection of serum anti-laminin 332 IgG have been described including immunoprecipitation, immunoblotting, and ELISA using different cellular sources and recombinant forms of laminin 332 (7, 9, 15–23). Direct comparison of six different methods revealed immunoprecipitation with radiolabeled keratinocyte extracts as the most sensitive technique followed by immunoblotting with extracellular matrix of cultured human keratinocytes (19). Most recently, two indirect immunofluorescence (IF) tests have been described based on the recombinant expression of laminin 332 on the cell surface of a human cell line (biochip mosaic assay) and the migration trails of cultured keratinocytes rich in laminin 332 (keratinocyte footprint assay) (10, 24). Both assays have shown high sensitivities and specificities of 84% and 99.5% (biochip mosaic) and 100% and 100% (footprint assay), respectively (10, 24).

As already suggested by others (25), the aim of the present study was the direct comparison between the two test systems through blind and independent analysis of a high number of well-characterized sera from patients with MMP and pemphigus vulgaris as well as healthy volunteers.



Materials and Methods


Human Sera

Sera from patients with anti-laminin 332 MMP used for this study (n = 54) were collected at the dermatology departments in Lübeck (Germany), Kurume (Japan), and Groningen (The Netherlands). The criteria for inclusion of patients with anti-laminin 332 MMP were i) clinical phenotype with predominant mucosal lesions, ii) binding of serum IgG along the floor of the artificial blister of salt-split normal human skin by indirect immunofluorescence (IF) microscopy, and/or iii) serum IgG4 against laminin 332 by immunoblotting with extract of extracellular matrix of cultured human keratinocytes, immunoblotting with extract of cultured keratinocytes, or reactivity in an anti-laminin 332 ELISA (11, 19, 24, 26, 27). Additionally, few anti-laminin 332 MMP patients were diagnosed by anti-laminin 332 IgG reactivity by immunoprecipitation with extract of human keratinocytes and/or failure of sera to react with laminin 332-deficient skin and concomitant reactivity with normal human skin by indirect IF (28). Furthermore, sera from 35 non-laminin 332-reactive MMP patients were diagnosed by i) a compatible clinical picture, ii) linear deposits of IgG and/or IgA and/or C3 by direct IF microscopy of a perilesional biopsy, and/or iii) reactivity with BP180 by ELISA (Euroimmun, Lübeck, Germany), and/or iv) binding of serum IgG along the roof of the artificial blister of salt-split normal human skin by indirect IF microscopy, and/or v) immunoblotting with conditioned medium of cultured human keratinocytes or extracts of cultured keratinocytes (6, 26, 27). Sera from patients with pemphigus vulgaris (PV, n = 30) identified by i) a compatible clinical picture and ii) positive direct IF microscopy of a perilesional biopsy and/or iii) serum IgG against desmoglein 3 by ELISA (Euroimmun) (29) as well as sera from healthy blood donors (HBD, n = 20) served as additional controls. The study was approved by the ethics committee of the University of Lübeck (12–178) following the Declaration of Helsinki. Sera were stored at −20°C or −80°C until used.



Indirect Immunofluorescence Assay Using Recombinant Laminin 332 (Biochip Mosaic)

All sera were subjected to the indirect IF biochip mosaic with six different substrates comprising HEK293 cells transfected with plasmids for i) LAMA3, ii) LAMB3, iii) LAMC2 (encoding for the α3, β3, and γ2 chains, respectively), iv) all three plasmids encoding for the heterotrimer, v) all three plasmids encoding for the heterotrimer and a His-tag, and vi) the empty plasmid, as described recently (Euroimmun) (10) (Figure 1). All sera were applied in a 1:10 dilution in PBS supplemented with 0.2% Tween-20, and after washing, bound autoantibodies were detected by anti-human IgG+IgG4-FITC (Euroimmun). Pictures were taken using a Biorevo Keyence BZ-9000 fluorescence microscope (Keyence Deutschland GmbH, Neu-Isenburg, Germany).




Figure 1 | Representative pictures of the indirect immunofluorescence biochip mosaic assay using membrane-bound recombinant laminin α3 (LAMA3), β3 (LAMB3), γ2 (LAMC2), the α3β3γ2 heterotrimer (A3, B3, C2) with and without His-tag, and empty plasmid (pTriEx) expressed in HEK293 cells. Sera from patients with anti-laminin 332 MMP with anti-laminin α3 reactivity (red box) and anti-laminin β3 reactivity (yellow box).





Indirect Immunofluorescence Assay Using Native Laminin 332 (Footprint Assay)

The keratinocyte footprint assay was prepared and performed as recently described (24). In brief, primary normal human keratinocytes were grown on glass coverslips for 3 days to a confluency about 30%, air-dried, and stored at −20°C until used. The migration trails of the cells left on the coverslips are rich in laminin 332 but do not contain other autoantigens of pemphigoid diseases such as BP180, p200, and type VII collagen. Sera were diluted 1:10 in PBS/ovalbumin. For the detection of bound anti-laminin 332 antibodies, a DyLight488-labeled goat anti-human IgG antibody (Thermo Fisher Scientific, Waltham, MA, USA) was used.



Indirect Immunofluorescence

All sera (diluted 1:10 in PBS) were analyzed by indirect IF microcopy on 6 µm cryosections of human salt-split skin using a FITC-conjugated monoclonal anti-human IgG detection antibody (1:50; Sigma Aldrich, Munich, Germany).



Immunoblotting With Extracellular Matrix of Cultured Human Keratinocytes

Preparation of extract of extracellular matrix of cultured keratinocytes, sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE), transfer to nitrocellulose, and immunoblotting were performed as previously described (10, 30). After blocking, nitrocellulose membranes were incubated with human sera (1:50), rabbit IgG against the α3 chain of laminin 332 (1:10,000, Sigma Aldrich, Munich, Germany), monoclonal mouse IgG against the β3 and γ2 chains (clone A-6, 1:100,000; clone E-6, 1:10,000, respectively; both Santa Cruz Biotechnology, Dallas, TX, USA), diluted in TBS with 0.5% Tween-20 (TBS-T) containing 5% skimmed milk and 1% BSA. After washing with TBS-T twice for 12 min, the secondary antibodies, horseradish peroxidase (HRP)-conjugated monoclonal mouse anti-human IgG4 antibody (1:10,000, Southern Biotech, Birmingham, AL, USA), polyclonal rabbit anti-mouse IgG antibody (1:100,000, DAKO, Glostrup, Denmark), and polyclonal goat anti-rabbit antibody (1:10,000, DAKO) were used. After 1 h of incubation, an additional washing step with TBS-T was performed. The proteins were visualized using ECL prime detection systems (GE Healthcare Europe, Freiburg, Germany).




Results


Characteristics of Anti-Laminin 332 MMP Patients

We included 54 anti-laminin 332 MMP patients (21 females, 33 males) in our study (Table S1). Sixteen of these sera were already described by Giurdanella et al. (24). Most of the other sera were used for the establishment of the indirect IF test using recombinant laminin 332 (10). Direct IF microscopy results were available from 24 patients and were positive in 23 cases. Dermal binding of IgG by indirect IF on salt-split skin was found in 50 (92.6%) patients, and IgG reactivity against laminin 332 was present in 46 (85.2%) patients by immunoblotting with extract of extracellular matrix of cultured human keratinocytes, 6 of 6 patients by laminin 332 ELISA, 5 of 5 patients by indirect IF on normal human but not on laminin 332-deficient skin, and 1 of 2 patients by immunoprecipitation with extract of human keratinocytes. From 25 (46.3%) patients, additional clinical information was available. Eleven (44%) of the 25 anti-laminin 332 MMP patients with clinical data had a malignancy at the time of diagnosis.



Detection of Autoantibodies Against Laminin 332 Using Recombinant Laminin 332 (Biochip Mosaic)

Sera of patients with anti-laminin 332 MMP (n = 54), other MMP (n = 35), PV (n = 30), and HBD (n = 20) were analyzed by the laminin 332 biochip assay (Figure 1). Fifty-two (96.3%) of the anti-laminin 332 MMP sera showed reactivity with the laminin 332 heterotrimer with or without His-tag (Table 1). Of all the 54 sera, 35 (64.8%) reacted with the α3 chain, 21 (38.9%) with the β3 chain, and 6 (11.1%) with the γ2 chain (Table 1). One serum (1.9%) reacted only with the heterotrimer (Table 1). In the group of the original 35 non-anti-laminin 332 MMP sera, 7 sera were reactive with laminin 332 by foot print assay as described below, and 3 of these 7 sera also reacted with laminin 332 in the biochip mosaic (Tables 1, 2). No positive reactivity was seen with the PV and HBD sera (Table 2).


Table 1 | Reactivity of the anti-laminin 332 mucous membrane pemphigoid sera with the different laminin 332 chains by biochip mosaic assay.




Table 2 | Comparison of anti-laminin 332 reactivity using the biochip and the footprint assay.





Detection of Autoantibodies Using Native Laminin 332 (Footprint Assay)

In the keratinocyte footprint assay (Figure 2), all the tested 54 anti-laminin 332 MMP sera (100%) showed reactivity (Table 2). As describe above, seven sera from patients originally classified as MMP without laminin 332 reactivity were reactive to the footprints (Table 2). All PV and HBD sera were negative (Table 2). To demonstrate the specificity of the laminin 332-specific staining, pictures of additional controls (anti-p200 pemphigoid, BP, and EBA) are shown (Figure 2).




Figure 2 | Representative pictures of the indirect immunofluorescence-based keratinocyte footprint assay. (A) Example of an incubation slide with normal human keratinocytes grown on a glass coverslip. (B, C) MMP patient serum IgG binds to deposited laminin 332 on air-dried coverslips. (D) Serum of a healthy blood donor. (E) Serum of a bullous pemphigoid patient. (F) Serum of an epidermolysis bullosa acquisita patient. (G) Serum of an anti-p200 pemphigoid patient.





Detection of Laminin 332 Autoantibodies by Immunoblotting

Sera of all patients with anti-laminin 332 MMP (n = 54) were analyzed by immunoblotting with extracellular matrix of cultured human keratinocytes. Forty-six of 54 sera (85.2%) showed IgG4 reactivity with at least one chain in the former assay (Table S1).




Discussion

Patients with anti-laminin 332 MMP cannot be differentiated from other variants of MMP based on clinical appearance. However, identification of MMP patients with laminin 332-specific antibodies is essential since 25%–30% of these patients might have a malignancy (3, 4, 8–14). The introduction of the laminin 332-specific biochip mosaic in 2019 provided us with widely available standardized test system for the detection of anti-laminin 332 serum autoantibodies. In an initial study, this test showed a sensitivity of 84% and a specificity of 99.8% by investigating sera from anti-laminin 332 MMP patients and controls (10). In the same year, another indirect IF test for the detection of laminin 332-specific serum IgG based on the laminin 332-rich migration trails of cultured keratinocytes, so-called footprint assay, was established (24). The latter assay showed a sensitivity of 100% and a specificity of 97.1% (24). The aim of the present study was to compare the performance of these two recently established laminin 332-specific indirect IF tests in a blind and independent approach.

Both assays were easy to perform and revealed 100% specificity with very high sensitivities, i.e., 52 of 54 (96.2%) and all the 54 (100%) anti-laminin 332 MMP sera showed positive reactivity in the biochip assay and the footprint assay, respectively. Interestingly, seven additional MMP sera, which had previously been considered to react with BP180, showed positive reactivity in the footprint assay. Among the seven sera, three sera also show positive reactivity with the laminin heterotrimers (two to α3 subunit and one to β3 subunit) in biochip mosaic assay.

These results reflect the high sensitivities of the two assays compared with the sensitivities of the previously applied tests in this cohort that had excluded anti-laminin 332 antibodies in the MMP sera. It also shows that anti-laminin 332 antibodies, albeit at a low level, can also be present in patients with anti-BP180 MMP. Such patients have been described before (31, 32). At present, it is unknown whether these additional anti-laminin 332 antibodies influence the clinical phenotype. Our data suggest that testing for anti-laminin 332 reactivity may also be valuable in MMP patients with anti-BP180 reactivity. This view is supported by the observation of Bernard and coworkers that mucous membrane pemphigoid patients showed an association of anti-BP230 and anti-laminin 332 autoantibodies, both measured by ELISA (33). In line with this, the recent European guidelines on diagnosis and management of MMP recommended testing for laminin 332-specific autoantibodies also in cases with negative indirect IF in salt-split skin (3, 4).

The slightly higher sensitivity of the footprint assay may be explained by the specific pattern recognition, which helps to identify also very weak signals. The background staining can be easily differentiated from the specific pattern. In the biochip, untransfected cells that do not express laminin 332 serve as internal controls; however, they may show some autofluorescence. These observations also reflect the reported higher sensitivity of the footprint assay compared with the biochip (10, 24).

Furthermore, several other assays for the detection of serum antibodies against laminin 332 have been established in specialized laboratories including immunoprecipitation using cultured keratinocytes, ELISA, and IB applying purified or cell-derived laminin 332 or recombinant forms of the laminin α3 chain with varying sensitivities (2%–90%, dependent on the cohort) and specificities from 82% to 100% (7, 9, 15–18, 20–23). However, none of these tests was commercially available.

The differences observed in Table S1 between the immunoblot applying extract of keratinocytes and the immunoblot using extracellular matrix of cultured keratinocytes in the first 16 sera may be due to the different extracts used in our laboratories, as well as to the detection antibody directed against total IgG and IgG4, respectively.

The high association of malignant solid tumors with anti-laminin 332 MMP has initially been noticed by Egan et al. (8), which had been subsequently confirmed by five other studies showing malignancies in 21 (30%) of 70 patients (9–13). In contrast, Bernard and coworkers detected anti-laminin 332 IgG by a laminin 332-specific ELISA in the sera of 31 of 154 MMP patients including only 2 (6%) patients with malignant tumors (33). When all 19 ELISA-positive sera from one study center were reanalyzed by the laminin 332-specific biochip mosaic, 4 patients were reactive, 1 of which had a malignancy (unpublished data; with kind permission of Frank Antonicelli, Reims, France).

In the present study, we found an associated malignancy in 11 of our 25 (44%) anti-laminin 332 MMP patients where clinical data in addition to the clinical phenotype could be retrieved from the patient charts. Most of these cases were already included in our recent studies for the establishment of the two laminin 332-specifc test systems (10, 24) (Table S1). The retrospective search for malignant tumors in the records of our patients may account for the higher percentage of malignancies in our cohorts compared with the 25%–30% of patients in previous studies (8–13). Of interest, of the seven sera that were originally included as from non-laminin 332-reactive MMP patients, but showed laminin 332 reactivity in the footprint assay, two patients, of which one was also positive on the biochip, revealed malignancies supporting the high sensitivity of both assays.

In summary, the two recently established indirect IF assays for the detection of serum anti-laminin 332 IgG are highly sensitive and specific and easy to perform. While the footprint assay is slightly more sensitive, the biochip mosaic is highly standardized and widely available. Both assays will further facilitate the serological diagnosis of anti-laminin 332 MMP allowing initiating a tumor screening in MMP patients with anti-laminin 332 reactivity.
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Background

Recently, we published an article retrospectively summarizing the results in 55 anti-laminin 332 (LM332)-type mucous membrane pemphigoid (MMP) cases examined at Kurume University, which were diagnosed by strict inclusion criteria, including positive reactivity in direct immunofluorescence and absence of antibodies to non-LM332 autoantigens. However, indirect immunofluorescence using 1M-NaCl-split normal human skin (ssIIF) is also valuable for diagnosis of anti-LM332-type MMP.



Methods

In this second study, we selected 133 anti-LM332-type MMP cases, which were diagnosed by our different inclusion criteria: (i) immunoglobulin G (IgG) deposition to basement membrane zone (BMZ) by direct immunofluorescence or IgG reactivity with dermal side of split skin by ssIIF, (ii) positivity for at least one of the three subunits of LM332 by immunoblotting of purified human LM332, and (iii) the presence of mucosal lesions. Clinical, histopathological, and immunological findings were summarized and analyzed statistically. Although these cases included the 55 previous cases, the more detailed study for larger scale of patients was conducted for further characterization.



Results

Clinically, among the 133 patients, 89% and 43% patients had oral and ocular mucosal lesions, respectively, 71% had cutaneous lesions, and 17% had associated malignancies. Histopathologically, 93% patients showed subepidermal blisters. The sensitivities of ssIIF and direct immunofluorescence are similar but are significantly higher than indirect immunofluorescence using non-split human skin (both p < 0.001). In immunoblotting of purified LM332, patient IgG antibodies most frequently reacted with LMγ2 subunit (58%), followed by LMα3 (49%) and LMβ3 (36%). Thirty-four percent patients recognized additional non-LM332 autoantigens. Statistical analysis revealed that autoantibodies against non-LM332 autoantigens might stimulate the production of anti-LMγ2 antibodies.



Conclusions

This retrospective study further characterized in more detail the clinical and immunological features of 133 cases of anti-LM332-type MMP, in which the new diagnostic criteria without positive direct immunofluorescence reactivity were useful for the diagnosis. Higher frequency with anti-LMγ2 antibodies suggested more significant pathogenic role of this subunit. Additional autoantibodies to non-LM332 autoantigens detected in one-third of the patients may contribute to complexity in anti-LM332-type MMP, including the induction of anti-LMγ2 antibodies.





Keywords: anti-laminin-332-type mucous membrane pemphigoid, immunoblotting, immunofluorescence, pathogenesis, diagnostic criteria



Introduction

Basal keratinocytes adhere to connective tissue at basement membrane zone (BMZ) of the epidermis (1). The interaction between keratinocytes and extracellular matrix proteins regulates many cellular behaviors, including cell adhesion, migration, proliferation, differentiation, and apoptosis (2). Laminins (LMs) are major extracellular matrices at BMZ. LMs are heterotrimeric glycoproteins consisting of three subunits, which are covalently linked by disulfide bonds, and are composed of many isoforms (1).

Laminin 332 (LM332) (previously called as epiligrin and laminin 5) is the most important LM isoform for the skin integrity (1) and is composed of α3, β3, and γ2 subunits (3). LM332 is a ligand of integrin α6β4, which is a major transmembrane component at hemidesmosome, a cell–matrix junction at BMZ (4). LM332 also adheres to integrin α3β1, which locates at focal adhesion, another adhesion device (4). LM332 is a target protein both in hereditary disease, i.e., Herlitz or non-Herlitz types of junctional epidermolysis bullosa, and in autoimmune disease, i.e., anti-LM332-type mucous membrane pemphigoid (MMP) (abbreviated as LM332-MMP in the present study) (4).

MMP (previously called as cicatricial pemphigoid) is a heterogeneous subepidermal autoimmune bullous skin disease (AIBD), which affects mainly various mucous membranes and occasionally skin (5–7). Although oral mucosa is most commonly affected, ocular, nasal, pharyngeal, laryngeal, esophageal, and genital mucosae are also involved (6). The clinical course and prognosis of MMP are affected by the specific autoantigen targeted, the titer and bioactivity profile of corresponding autoantibodies, and the specific mucosal sites of disease activity (8).

In MMP, direct immunofluorescence (DIF) and indirect immunofluorescence (IIF) tests show in vivo bound and circulating anti-BMZ autoantibodies of immunoglobulin G (IgG) and/or IgA subclasses, and various biochemical analyses detect a number of autoantigens (5). MMP is subdivided into two major types: anti-BP180-type MMP (BP180-MMP) and LM332-MMP. Approximately 90% and 10% of reported MMP cases are the former and the latter, respectively (1).

BP180-MMP patient show IgG and/or IgA autoantibodies reactive mainly with BP180 C-terminal domain, although LAD-1, soluble BP180 ectodomain, and BP180 NC16a domain are also occasionally recognized (5, 6). In contrast, LM332-MMP patients have IgG antibodies reactive with the 165 and 145 kDa LMα3 subunits, the 140 kDa LMβ3 subunit, and the 105 kDa LMγ2 subunit in immunoblotting (IB) of purified human LM332 (3). Recently, an IIF using recombinant LM332 was also developed for the detection of autoantibodies against LM332 in MMP sera (9).

Recent studies showed that LM332-MMP patients had an increased relative risk of cancer (7, 10, 11). However, the significance of these results is still obscure because of a limited number of patients with LM332-MMP.

Recently, we have reported a retrospective study of the clinical and immunological findings summarized for 55 LM332-MMP cases, which were diagnosed with very strict inclusion criteria, including positive DIF and the absence of other autoantigens (12). This study indicated that IIF using 1M-NaCl-split normal human skin (ssIIF) is also valuable for the diagnosis of LM332-MMP (12).

As the second version to the previous study (12), in the present study, using new inclusion criteria with positive ssIIF and concurrence of other autoantigens, we selected 133 cases of LM332-MMP from our large AIBD cohort at Kurume University, which included the 55 previous cases. Then, we further assessed in more detail both clinical features and immunological findings in the 133 cases, and extensive statistical analyses were also performed, which suggested that the new criteria are useful for the diagnosis of LM332-MMP.



Materials and Methods


Patients and the Information for the Clinical Features

As one of the centers for diagnosis of AIBDs in Japan, we have collected sera and information for 4,547 patients with various AIBDs, which were sent for our tests from other institutes for 14 years (2001–2014). Diagnosis of LM332-MMP was made based on our new inclusion criteria: (i) IgG deposition to BMZ by DIF or IgG reactivity with dermal side of split skin by ssIIF, (ii) positivity for at least one of the three subunits of LM332 by IB of purified human LM332, and (iii) the presence of mucosal lesions.

The information, including age, gender, medical history, and clinical features for mucocutaneous lesions, was obtained from consulting letters sent from other institutes. In addition to oral and ocular mucosal lesions, we collected information for lesions on nasal, pharyngeal, laryngeal, esophageal, and genital mucosae. Furthermore, to evaluate the severities of LM332-MMP, “oral score” (0–5) was calculated by the numbers of involved parts on oral mucosae (i.e., lip, tongue, cheek, gingiva and palate), and “mucosal score” (0–7) was calculated by the number of involved mucosae (i.e., oral, ocular, nasal, pharyngeal, laryngeal, esophageal, and genital mucosae), as we previously reported (12).

However, for some patients, information for clinical and histopathological features could not be obtained from the consulting letters. In addition, results of some serological tests could not be obtained, mainly because of the shortage of sera due to large and long-lasting nature of the present study. Therefore, assessments of most parameters were performed only for patients in whom the information of the parameters was available. This study was performed following the guidelines of Kurume University School of Medicine and Declaration of Helsinki Principles and was approved by the ethics committee of Kurume University School of Medicine.



IF Assays

We performed DIF using biopsy specimens from patients for depositions of IgG, IgA, IgM, and C3 to epidermal BMZ. For the diagnosis of MMP, we routinely performed two IIF assays including IIF using normal human skin and ssIIF (13–17). Normal human skin was obtained from our hospital. Both IgG and IgA autoantibodies were examined by the IIF assays. The representative result of ssIIF for a LM332-MMP case is shown in Figure 1A. In the result description, “DIF-not detected (ND)” indicates that DIF was not done, and therefore, the result of DIF was unknown; “DIF-” indicates that DIF was done, and the result was negative.




Figure 1 | The representative figures of serological methods to detect autoantibodies in LM332-MMP. (A) Immunofluorescence using 1M-NaCl-split human skin (ssIIF) showing IgG reactivity with dermal side of the split by a LM332-MMP serum. (B) The results of immunoblotting (IB) of purified human LM332. The positive control serum (lane 1) and eight LM332-MMP sera (lanes 3–10 for cases 1–8) reacted with the three subunits of laminin-332 with various patterns, while normal control serum (lane 2) showed negative reactivity. Specifically, positive control and case 1 reacted with all the three subunits, 165 kDa and 145 kDa LMα3, 140 kDa LMβ3, and 105 kDa LMγ2 of LM332; cases 2, 3, 5, and 6 reacted with both LMα3 and LMγ2; case 4 reacted only with LMα3; and cases 7 and 8 reacted only with LMγ2.





IB

IB using normal human epidermal [for BP180, BP230, desmoglein 1 (Dsg1), Dsg3, envoplakin, and periplakin] and dermal extracts (for LMγ1 and collagen VII), recombinant proteins (RPs) of NC16a and C-terminal domains of BP180, concentrated culture medium of HaCaT cells, and purified human LM332 as substrates was performed as described previously (13–17). The representative results for IB of purified LM332 are shown in Figure 1B. “LM332 score” (1–3) was calculated by the numbers of LM332 subunits (i.e., α3, β3, and γ2 subunits) recognized by patient sera, as reported previously (12).



ELISAs

Four commercially available ELISAs for BP180 (18), BP230 (18), Dsg1) (19), and Dsg3 (19) (MBL, Nagoya, Japan) were performed according to the protocols provided by the supplier.



Statistical Analysis

We compared differences among various clinical parameters and immunological results with chi-square test, Fisher exact test, Mann–Whitney rank-sum test, Student’s t-test, and Pearson’s correlation by SigmaPlot 12.0 soft (Hulinks, Inc., Tokyo, Japan). p values <0.05 were considered as statistically significant.




Results


Diagnoses and Grouping

From the cohort of 4,547 AIBD patients, by our inclusion criteria, we diagnosed 133 patients as LM332-MMP. In the 133 cases, 55 patients (41%) showing positive IgG deposition of BMZ in DIF and exclusive reactivity with LM332, whose clinical and immunological findings had been summarized in the previously published paper (10), were defined as DIF+/LM332 group in the present study. According to the results of DIF for IgG deposition to BMZ and ssIIF for IgG reactivity with skin dermal side, the 133 cases were divided into four groups as “DIF+/ssIIF+,” “DIF+/ssIIF-,” “DIF-/ssIIF+,” and “DIF-not detected (ND)/ssIIF+”. According to the results of IIF using normal human skin for IgG reactivity to BMZ, the 133 cases were divided into two groups as “IIF+” and “IIF−”, excluding 3 cases without IIF results.

According to the autoantigens detected, the 133 cases were also divided into two groups as “sole LM332,” which reacted only with LM332, and “multiple-antigens (Ags),” which reacted with LM332 and other antigen(s).



The Results of All the 133 LM332-MMP Patients

The 133 LM332-MMP patients consisted of 66 male and 58 female, although gender was unknown in 9 patients. The average age of patients with information for age was 66.45 years (male, 68.03 years and female, 64.60 years).

Clinically, all the 133 patients had mucosal lesions including oral (89%), ocular (43%), pharyngeal (19%), laryngeal (15%), genital (11%), nasal (6%), and esophageal (3%) lesions. A more detailed information on oral and ocular lesions is shown in Table 1. The average oral and mucosal scores of these 133 patients were 1.53 (SD, 0.90) and 1.88 (SD, 1.04), respectively.


Table 1 | Clinical and immunological findings in 133 patients with anti-laminin (LM) 332-type mucous membrane pemphigoid (MMP).



In the 133 patients, 71% had cutaneous lesions with blisters as the major symptom (Table 1). In addition, 17% patients had associated malignancies with lung cancer as the most frequent one (Table 1). For various immunofluorescence detection methods, the positive rates of DIF for IgG deposition to BMZ, DIF for C3 deposition to BMZ, IIF of normal skin for IgG reactivity to BMZ, and ssIIF for IgG reactivity with dermal side were 88%, 77%, 56%, and 87%, respectively. The sensitivities of DIF for IgG deposition to BMZ and ssIIF for IgG reactivity with dermal side were similar but were significantly higher than that of DIF for C3 deposition to BMZ (both p < 0.05) and that of IIF of normal skin for IgG reactivity to BMZ (both p < 0.001). The sensitivity of DIF for C3 deposition to BMZ was also significantly higher than that of IIF of normal skin for IgG reactivity to BMZ (p < 0.05). By IB of purified LM332, the positive rates of reactivity with the 165-kDa LMα3, 145-kDa LMα3, LMβ3, and LMγ2 were 49%, 45%, 36%, and 58%, respectively. These results indicated that autoantibodies in the sera of our cohort of LM332-MMP patients most frequently reacted with LMγ2 subunit of LM332.

Histopathologically, among the 87 LM332-MMP patients available for pathological reports, 81 (93%) cases showed subepidermal blisters, with inflammatory infiltrations of eosinophils (31%), neutrophils (21%), and lymphocytes (18%) (Table 2).


Table 2 | Histopathological findings in the 133 patients with anti-laminin (LM) 332-type mucous membrane pemphigoid (MMP).



Because of the lack of detailed information for the treatments in most cases, we could not analyze the treatments.

Statistically, no clinical parameters were found to be correlated with autoantibodies against any subunits of LM332, suggesting that autoantibodies against each subunit of LM332 contribute similarly to clinical and pathological features of LM332-MMP.



The Results of “DIF+/ssIIF+,” “DIF+/ssIIF− “DIF−/ssIIF+,” and “DIF-ND/ssIIF+” Groups

According to the results of DIF for IgG deposition to BMZ and ssIIF for IgG reactivity with dermal side, the 133 cases were divided into four groups including “DIF+/ssIIF+” (69 cases), “DIF+/ssIIF−” (17 cases), “DIF−/ssIIF+” (12 cases), and “DIF-ND/ssIIF+” (35 cases).

DIF+/ssIIF+ group showed oral lesion (90%), ocular lesion (45%), cutaneous lesion (78%), associated malignancies (17%), and positive reactivities of DIF for IgG deposition to BMZ (100%), DIF for C3 deposition to BMZ (88%), IIF of normal skin for IgG reactivity to BMZ (68%), ssIIF for IgG reactivity with dermal side (100%), and IB for the 165-kDa LMα3 (54%), the 145-kDa LMα3 (52%), LMβ3 (35%), and LMγ2 (59%) (Table 1). Histopathologically, among the 47 LM332-MMP patients available for pathological reports, 45 (96%) cases showed subepidermal blisters, with inflammatory infiltrations of eosinophils (34%), neutrophils (30%), and lymphocytes (26%) (Table 2).

The clinical, immunological, and histopathological features of DIF+/ssIIF−, DIF−/ssIIF+, and DIF(ND)/ssIIF+ groups are also summarized and shown in Tables 1 and 2.



The Results of “IIF+” and “IIF−” Groups

According to the results of IIF using normal skin for IgG reactivity to BMZ, the 133 cases were divided into two groups as “IIF+” (73 cases) and “IIF−” (57 cases), excluding 3 cases without IIF results.

The IIF+ group showed oral lesion (89%), ocular lesion (53%), cutaneous lesion (78%), associated malignancies (16%), and positive reactivities of DIF for IgG deposition to BMZ (88%), DIF for C3 deposition to BMZ (83%), IIF of normal skin for IgG reactivity to BMZ (100%), ssIIF for IgG reactivity with dermal side (93%), and IB for the 165-kDa LMα3 (51%), the 145-kDa LMα3 (48%), LMβ3 (38%), and LMγ2 (60%) (Table 1). Histopathologically, among the 50 LM332-MMP patients available for pathological reports, 47 (94%) cases showed subepidermal blisters, with inflammatory infiltrations of eosinophils (38%), neutrophils (18%), and lymphocytes (14%) (Table 2).

The clinical, immunological, and histopathological features of IIF- group are also summarized and shown in Tables 1 and 2.



The Results of “Sole LM332” Group and “Multiple-Ags” Group

According to the autoantigens detected, the 133 cases were divided into two groups as “sole LM332” (88 cases) and “multiple-Ags” (45 cases).

Sole LM332 group showed oral lesion (90%), ocular lesion (45%), cutaneous lesion (70%), associated malignancies (14%), and positive reactivities of DIF for IgG deposition to BMZ (91%), DIF for C3 deposition to BMZ (74%), IIF of normal skin for IgG reactivity with BMZ (53%), ssIIF for IgG reactivity with skin dermal side (92%), and IB for the 165-kDa LMα3 (57%), the 145-kDa LMα3 (52%), LMβ3 (40%), and LMγ2 (47%). Histopathologically, among the 53 LM332-MMP patients available for pathological reports, 50 (94%) cases showed subepidermal blisters, with inflammatory infiltrations of eosinophils (23%), neutrophils (13%), and lymphocytes (21%) (Table 2).

Multiple-Ags group showed oral lesion (89%), ocular lesion (38%), cutaneous lesion (73%), associated malignancies (22%), and positive reactivities of DIF for IgG deposition to BMZ (82%), DIF for C3 deposition to BMZ (82%), IIF of normal skin for IgG reactivity with BMZ (62%), ssIIF for IgG reactivity with skin dermal side (78%), and IB for the 165-kDa LMα3 (33%), the 145-kDa LMα3 (31%), LMβ3 (29%), and LMγ2 (80%). Histopathologically, among the 34 LM332-MMP patients available for pathological reports, 31 (91%) cases showed subepidermal blisters, with inflammatory infiltrations of eosinophils (44%), neutrophils (32%), and lymphocytes (15%) (Table 2).

In the 45 patients in multiple-Ags group, the numbers and rates of patients positive with various non-LM332 autoantibodies are summarized in Table 3. Eight different non-LM332 autoantigens were detected, with the highest positive rate (67%) for BP180 (Table 3). The average number of non-LM332 autoantigens recognized by patient sera was 1.6, while one patient reacted with 5 non-LM332 autoantigens, i.e., BP180, BP230, envoplakin, periplakin, and Dsg1. Thirty (67%) cases reactive with BP180 may be diagnosed as concurrence of LM332-MMP and BP180-MMP.


Table 3 | The detailed autoantibody information of the 45 patients in multiple-Ags group.



In addition, among the 30 LM332-MMP cases with anti-BP180 autoantibodies, ssIIF showed IgG-positive reactivities with both skin epidermal and dermal sides in 17 patients, positive reactivity with only epidermal side in 6 patients, positive reactivity with only dermal side in 5 patients, and negative reactivity with both epidermal and dermal sides in 2 patients. The five LM332-MMP cases with anti-Dsg 3 autoantibodies and four cases with anti-Dsg 1 autoantibodies did not show the staining with keratinocyte cell surfaces in the epidermis in IIF.



Comparative Analyses of the Results in Various LM332-MMP Groups

The results in the previously reported 55 DIF+/LM332 group patients, who showed positive IgG deposition to BMZ in DIF and reacted exclusively with LM332 (12), are also listed in Tables 1 and 2 for comparison. We performed comparative and statistical analyses of the results in all the LM332-MMP groups shown in Tables 1 and 2.

Compared with the DIF+/LM332 group (55 cases), all of the LM332-MMP group (133 cases) showed no significant differences on clinical and immunological results. Compared with DIF+/LM332 group, DIF−/ssIIF+ group had higher rates on oral blister and nasal lesion (both p < 0.05) and lower positive rate of autoantibodies against the 145-kDa LMα3 in IB of purified LM332 (p < 0.05) (Table 4). Compared with the DIF+/LM332 group, multiple-Ags group had higher rate on oral blister (p < 0.05), accordingly lower rate on oral erosion (p < 0.05), higher positive rate of IgG reactivity to BMZ in IIF of normal skin (p < 0.05), and lower positive rates of autoantibodies against the 165-kDa LMα3 and the 145-kDa LMα3 (both p < 0.05) and higher positive rate of autoantibodies against LMγ2 (p < 0.05) in IB of purified LM332 (Table 4).


Table 4 | Comparisons of DIF−/ssIIF+ and multiple-Ags groups with DIF+/LM332 group.



Compared with the DIF+/ssIIF+ group, the DIF+/ssIIF− group had a lower positive rate on IIF of normal skin for IgG reactivity to BMZ (p < 0.05) (Table 5). Compared with the DIF+/ssIIF+ group, the DIF−/ssIIF+ group had lower positive rate of autoantibody against the 145-kDa LMα3 in IB of purified LM332 (p < 0.05) (Table 5). Compared with the DIF+/ssIIF− group, the DIF−/ssIIF+ group showed no significant differences on clinical and immunological results.


Table 5 | Comparisons among 4 DIF/ssIIF groups and 2 IIF groups.



Compared with the IIF− group, the IIF+ group showed significantly higher rate of ocular lesions (p < 0.05) (Table 5).

Compared with the sole LM332 group, multiple-Ags group had similar statistical results to its comparison with the DIF+/LM332 group, particularly higher positive rate of autoantibodies against LMγ2 (p < 0.001) (Table 6). These results indicated that multiple autoantibodies might be related positively to the production of anti-LMγ2 autoantibodies, but negatively to the productions of anti-LMα3 and anti-LMβ3 autoantibodies. Compared with sole LM332 group, multiple-Ags group had higher rates of infiltration of eosinophils and neutrophils (both p < 0.05) (Table 6), suggesting that multiple autoantibodies might enhance the infiltration of eosinophils and neutrophils.


Table 6 | Comparisons between sole LM332 group and multiple-Ags group.



In addition, oral score, mucosal score, and LM332 score were also used for statistical analyses but failed to find any correlated parameters in the present study.




Discussion

In our previous article of the 55 LM332-MMP cases (12), we used very strict inclusion criteria of LM332-MMP: (i) IgG deposition to the BMZ in DIF, (ii) positivity to at least one of the three subunits (α3, β3, and γ2) of LM332 in IB of purified human LM332 but negative for all other known skin autoantigens, and (iii) presence of mucosal lesions. These cases are designated as DIF+/LM332 group in the present study. Based on the results of these 55 cases, we concluded that ssIIF has a diagnostic value for LM332-MMP (12). Therefore, in the present study, we used newly revised inclusion criteria of LM332-MMP, in which the diagnosis can be made on the positive reactivity with dermal side of the split skin in ssIIF in cases without positive DIF result, and cases with additional autoantibodies against non-LM332 autoantigens were also included. The new inclusion criteria enable us to obtain as many as 133 patients with LM332-MMP, including the previous 55 DIF+/LM332 group patients, although the cohort included some cases of complicated LM332-MMP with multiple autoantibodies.

In general, the 133 LM332-MMP cases in the present study showed similarly clinical and immunological features to those 55 cases in the DIF+/LM332 group, which were reported previously (12).

By comparing the DIF−/ssIIF+ group (12 cases) with DIF+/LM332 group (55 cases) (12), most clinical and pathological features showed no statistical differences, excluding oral blister and nasal lesion (both p < 0.05). This finding indicated that these two groups belong to the same subgroup of LM332-MMP and further confirmed the diagnosis values of ssIIF for LM332-MMP.

Similarly, multiple-Ags group (45 cases) and DIF+/LM332 group (55 cases) showed no statistical differences in most clinical and pathological features, also indicating that these two groups belong to the same subgroup of LM332-MMP. Therefore, patients with mucosal lesion and anti-LM332 autoantibodies could be diagnosed as LM332-MMP, regardless of the concurrence of autoantibodies to non-LM332 antigens.

Based on the results mentioned above, we propose to use our new inclusion criteria for the diagnosis of LM332-MMP, rather than the very strict diagnosis criteria used in the previous study (12).

As for diagnostic sensitivity in the present study of 133 LM332-MMP cases, sensitivity of DIF for IgG deposition to BMZ and ssIIF for IgG reactivity with dermal side were the highest, followed by DIF for C3 deposition to BMZ and IIF of normal skin for IgG reactivity to BMZ. These results implied that ssIIF is a specific and sensitive method for the LM332-MMP diagnosis. Because the result of only one of the two methods (DIF and ssIIF) may be available for some cases, we suggest to use both methods for LM332-MMP diagnosis to avoid wrong diagnosis.

In the present study, autoantibodies against LMγ2 subunit were most frequently found in LM332-MMP and may be correlated with multiple autoantibodies. These data implied that autoantibodies against LMγ2 might be different from those against LMα3 and LMβ3, in terms of pathogenic activity and possible close relation to antibodies to the other autoantigens.

Finally, in the present study, 17% of LM332-MMP patients had associated malignancies, and some patients had multiple tumors, further supporting the potential relationship between LM332-MMP and internal tumors suggested by previous reports (7, 10, 11).

In conclusion, the clinical, histopathological, and immunological features in our large cohort of LM332-MMP patients, including some complicated cases, overall confirmed the results of previous studies of LM332-MMP, including our own article (12). The diagnostic criteria for LM332-MMP, which we proposed in the present study, could benefit precise diagnosis and clinical studies on LM332-MMP in the future.
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Autoimmune bullous diseases (AIBDs), presenting cutaneous and/or mucosal bullous lesions, are classified into pemphigus and pemphigoid diseases. A longtime observation for complicated AIBD cases is rarely reported. In this study, serum samples of one AIBD patient were collected at seven different time points during the disease course including a relapse, which were examined by our conventional and newly developed methods for the detection of autoantibodies. Interestingly, we found changes of both the presence and the titers of various autoantibodies in accordance with the changes of clinical features during the whole disease course, which indicated that the patient started as bullous pemphigoid and relapsed as concurrence of bullous pemphigoid and mucosal-dominant-type pemphigus vulgaris.
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Introduction

Autoimmune bullous diseases (AIBDs) clinically show mucocutaneous lesions and are classified into pemphigus and pemphigoid diseases (1). Two major pemphigus diseases are pemphigus vulgaris showing antibodies to desmoglein (Dsg) 3 and/or Dsg1 and pemphigus foliaceus showing anti-Dsg1 autoantibodies (2). Pemphigus vulgaris with only anti-Dsg3 autoantibodies is defined as mucosal-dominant-type pemphigus vulgaris, while pemphigus vulgaris with both mucosal and cutaneous lesions is diagnosed as mucocutaneous-type pemphigus vulgaris (3). Pemphigoid diseases are classified into various subtypes according to the clinical features and differences of autoantibodies (4). Bullous pemphigoid, the most common pemphigoid subtype, shows autoantibodies against BP180 and/or BP230 and presents mainly cutaneous lesions (5).

Increasing diversity of autoantibodies is usually explained by “B-cell epitope spreading” which is an antigen-driven process and leads to diversification of the epitopes recognized by the immune system and thus to maturation of the humoral response (6). Epitope spreading has been reported in various AIBDs (7, 8).



Case Description

A 61-year-old female patient, presenting with widely distributed skin lesions, was diagnosed as bullous pemphigoid based on histopathological findings of subepidermal blister and infiltration of lymphocytes and eosinophils and linear IgG and C3 depositions in the basement membrane zone (BMZ) in direct immunofluorescence. This case showed a recurrence with mucocutaneous lesions 270 days later. Details for changes of clinical features at various time points, including a relapse at day 270, as well as changes of steroid doses used, are shown in Table 1 and Table S1.


Table 1 | Clinical features of the patient during the disease course.



The serum samples of this patient were collected at seven different time points during the disease course for our autoantibody analyses with various conventional and newly developed methods. This study was performed according to the Declaration of Helsinki and approved by the Ethics Committee of Dermatology Hospital of Jiangxi Province. Informed consent of this patient was obtained.

By indirect immunofluorescence using normal human skin (IIF), positive IgG reactivity with BMZ was found in sera at days 0, 7, 55, 270, and 279 and that with keratinocyte surfaces at the lowermost epidermis at days 270 and 279 (Figure 1A). By indirect immunofluorescence using salt-split skin (ssIIF), positive IgG reactivities with the epidermal side of the split skin and with cell surfaces in the lowermost epidermis were found in a similar manner to those found in IIF (Figure 1B). The findings in IIF and ssIIF at days 270 and 279 were almost the same, and therefore, the results at day 270 are not shown in Figures 1A, B.




Figure 1 | Detection of IgG autoantibodies by various methods. (A) The results of indirect immunofluorescence (IIF) for the seven patient sera collected at indicated days. (B) The results of indirect immunofluorescence using salt-split skin (ssIIF) for the seven patient sera collected at indicated days. The IIF and ssIIF results of day 270 were similar to those of day 279 and therefore not shown. In both IIF and ssIIF, staining to cytoplasm but not to cell surfaces in the lower epidermis was seen at days 105 and 120, while clear cell surface staining in the lower epidermis was found only at days 270 and 279. Reactivity with BMZ was also negative at days 105 and 120 in both IIF and ssIIF. The upper, middle and lower images (from left to right) are days 0 and 7, 55 and 105, and 120 and 279, respectively. (C) The results of immunoblotting of normal human epidermal extract for the seven patient sera. The sera of pemphigus foliaceus and bullous pemphigoid patients were used as positive controls to indicate the protein bands for BP230, BP180, Dsg1, and the 97-kDa LAD-1, a truncated form of BP180. None of the seven patient sera reacted with intact BP180 and Dsg3. (D) The results of ELISAs using various recombinant proteins and peptides. Dot line indicates cutoff value. (E) Summary of the reactivity with major peptides and recombinant protein of the patient sera during the disease course.



By immunoblotting of normal human epidermal extract, BP230, Dsg1, and the 97-kDa LAD-1, a truncated form of BP180, were detected in all seven sera (Figure 1C).

Next, we performed ELISAs using various recombinant proteins (RPs) and peptides. ELISA kits (MBL, Nagoya, Japan) of BP180 NC16a domain, BP230, Dsg1, and Dsg3 were performed according to the instructions.

Autoantigen peptides were designed as reported previously (9), including 29 peptides covering full-length BP180, 20 peptides covering full-length Dsg3, and 25 peptides covering full-length Dsg1. Detailed information for peptides used is shown in Table 2. ELISAs with these peptides were performed as described previously (9).


Table 2 | Information of peptides used in this study.



The changes of titers of autoantibodies to BP230 RP, BP180 NC16a domain RP, and Dsg1 peptide LQ144 (intracellular domain, ICD) matched well to the disease course of this patient, while the changes of titers of autoantibodies to BP180 peptide LQ66 (ICD) and Dsg3 peptide LQ123 (extracellular domain, ECD) did not correlate with the disease course (Figure 1D). The changes of titers of autoantibodies to Dsg1 RP (ECD), Dsg3 RP (ECD), and Dsg3 peptide LQ133 (ECD) reflected the disease relapse (Figure 1D). Autoantibodies against Dsg3 peptide LQ133 (ECD) became positive after relapse probably via epitope spreading (Figure 1E).

Other tests, which are routinely used in our laboratory for the detection of other known AIBD autoantibodies (9–15), showed negative results for all the seven sera.

Concerning the therapies, at disease occurrence (day 0), methylprednisolone 30 mg/day was administrated, and then the dose was gradually reduced to 12 mg/day at day 120 with disease improvement (Table 1). However, the patient by herself stopped the methylprednisolone administration at day 150. At day 270, the disease relapsed, and the patient restarted methylprednisolone 40 mg/day (Table 1). At day 279, the methylprednisolone dose was decreased to 38 mg/day and then no new lesions appeared either on the skin or in the oral cavity (Table 1).



Discussion

From the points of both clinical and immunological views, this case was considered to start as bullous pemphigoid because of IgG reactivity with BMZ and higher titers of autoantibodies against BP180 and BP230 and to relapse as concurrence of bullous pemphigoid and mucosal-dominant-type pemphigus vulgaris, because of IgG reactivity with cell surfaces in the lowermost epidermis (localization of Dsg3), increased titers of autoantibodies against Dsg3, and newly appeared oral mucosal lesions at relapse.

It is known that there is a subgroup of bullous pemphigoid patients who present with not only cutaneous lesions but also mucosal lesions, with oral mucosa, the most frequently affected mucosa (16–18). Oral mucosal lesions were considered to be related with anti-BP180 antibodies in bullous pemphigoid (16). In our patient, oral lesions only appeared after relapse, and BP180 epitopes recognized by serum autoantibodies were not changed at relapse, suggesting that autoantibodies against BP180 might not cause the newly appeared oral lesions after relapse. Autoantibody to Dsg3 peptide LQ133 (ECD) might contribute to the oral lesions because its titers raised at relapse. Although the reactivity with Dsg1 peptide LQ144 (ICD) also increased at relapse, its significance is currently unknown. Therefore, in our patient, pathogenic autoantigens were considered as BP180 NC16a domain at occurrence and BP180 NC16a domain and Dsg3 ECD at relapse. The results of this study also imply that detailed studies for autoantibodies are necessary in bullous pemphigoid patients with mucosal lesions.

In bullous pemphigoid, serum anti-BP180 antibody titers are related to disease activity and are useful for the evaluation of disease severity and the effectiveness of treatments (19, 20). However, this conclusion was mainly drawn from the results of studies of patients examined only at one time point, but not of patients examined at multiple time points. In our case, in which we examined the sera at several time points, anti-BP180 NC16a antibody titers decreased clearly with steroid treatment and corresponded well with disease progression, with increase at relapse and decrease after the second steroid treatment, supporting that serum anti-BP180 antibodies could reflect disease severity and the effectiveness of treatments. Anti-BP230 antibodies in our patient also reflected disease severity and the effectiveness of treatments, although previous studies reported that anti-BP230 antibody titers do not correlate with disease severity (19). In addition, the titers of anti-BP180 peptide LQ66 (ICD) did not correlate with disease progression in our patient. Similarly, the titers of autoantibodies to Dsg1 RP (ECD), Dsg3 RP (ECD), and Dsg3 peptide LQ133 (ECD), but not Dsg3 peptide LQ123 (ECD), reflected the disease relapse. These complex results in our study suggest that further evaluation of the relationship between autoantibodies and disease severity is necessary.

There are reports of patients developing both pemphigus and bullous pemphigoid. Some patients shift from one disease to another, as seen in our case, and others present dual serologic evidence (21–23). Epitope spreading was considered to be involved in these cases (7, 8, 21). In our patient, autoantibodies against Dsg3 peptide LQ133 (ECD) became clearly positive at relapse. Therefore, the autoantibodies against Dsg3 peptide LQ133 might be produced by epitope spreading.

The first methylprednisolone administration at 30 mg/day gradually decreased due to good treatment outcome. Although sudden withdrawal of methylprednisolone led to the disease relapse with more complicated situation, i.e., concurrence of bullous pemphigoid and mucosal-dominant pemphigus vulgaris, readministration of methylprednisolone at 40 mg/day was also effective.

For complicated AIBD cases, commercially available ELISAs may not be enough, and precise understanding of their pathogenicity needs more sophisticated tests, including the ELISAs of autoantigen peptides used in this study.
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Background

Bullous pemphigoid (BP) is a senile chronic autoimmune bullous skin disease with a high relapse rate, which significantly impairs patients’ quality of life and contributes to disease mortality. This observational case-control study explores the gene polymorphisms of cytokines and their clinical significance in Chinese patients with BP.



Methods

IL-1α (rs1800587), IL-1β (rs16944, rs1143627, rs1143634), IL-4 (rs2243250), IL-6 (rs1800795), IL-10 (rs1800896, rs1800871, rs1800872), IL-13 (rs1800925, rs20541), TNF-α (rs1799964, rs1800630, rs1799724, rs361525), IFN-γ (rs1799964, rs1800630, rs361525, rs1800629, rs4248160, rs1800750), and TGF-β1 (rs2317130, rs1800469, rs4803457) genes were genotyped in the healthy controls and BP patients, respectively. Expression of these cytokines in serum was measured. Medical profiles of patients, including baseline characteristics and prognosis, were statistically analyzed.



Results

We found that IL-1 β and IL-13 concentrations were higher in the BP patients’ sera compared to those in the controls. For IL-13, significant differences were found in the nucleotide ratio/genotype/haploid frequency/haplotype, respectively. IL-13 (rs20541, rs1800925) is related to gender, and the IL-13 genotype was significantly associated with recurrence.



Conclusions

BP is associated with IL-13 gene polymorphism and IL-13 concentration is elevated in blood circulation in patients with BP. Our results support that IL-13 is relevant in the pathogenesis of BP, suggesting that IL-13 could potentially represent a promising target for BP therapy and a prognostic marker.
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Introduction

Bullous pemphigoid (BP) is a chronic autoimmune skin disease with severe pruritus most commonly identified in the elderly. It is characterized by urticarial, erythematous, or painful blisters in the skin and circulating autoantibodies against the hemidesmosomal molecules, BP180 and BP230, located in the basement membrane zone and basal keratinocytes of the skin (1). BP represents the most common autoimmune blistering disease, albeit rare, with a reported incidence ranging from approximately 4.5 to 14 per million per year (2, 3). Moreover, the prevalence rate has been increasing markedly in the past years (4, 5).

Histopathology of the BP lesion has revealed subepidermal blisters, typically with neutrophilic and eosinophilic infiltration. Although the exact mechanisms remain to be elucidated, it is well established that BP is triggered by the autoantibodies against BP180 (6) potentially via three pathways (7). First, direct binding of the antibodies to an extracellular noncollagenous domain (NC16A) of BP180 can cause a conformation change, thus preventing the natural assembly of hemidesmosomes. Second, binding of the antibodies may lead to signaling activation and hemidesmosomal disassembly in the basal keratinocytes, playing a significant role in pathophysiology of BP. Alternatively, binding of the autoreactive IgG1 or 4 recruits and activates neutrophils and eosinophils to the basement membrane and activation of complements, which can release and activate proteolytic enzymes including the neutrophil elastase (NE) and matrix metalloproterinase-9 to degrade the extracellular portion of BP180 (8, 9). A body of accumulating evidence has supported that the BP autoreactive antibodies mediated a cascade of inflammatory responses that could play a critical role in BP disease pathogenesis. These include activation of complements, aggregation of neutrophils and eosinophils, increase of cytokine expression, and secretion of proteolytic enzymes (1, 5, 10, 11).

Multiple cytokines appear indispensable in developing the local immune and inflammatory responses primarily by recruiting inflammatory cells and activating resident cells in BP pathogenesis (12) and regulating the humoral or cellular immune response (13). Significantly elevated levels of cytokines were observed in the blister fluid (14–16) and the sera from BP patients (17, 18). These cytokines function as proinflammatory cytokines that further stimulate cytokine expression through a series of signaling cascades (19). Immunohistochemical and in situ hybridization studies have shown a significant expression of Th2 cytokines such as IL-4, IL-5, and IL-13 in the mononuclear cells in the BP lesional or perilesional skin (20, 21). More recently, the concentration of some cytokines has been correlated with BP severity and disease activity (20, 22, 23). Given their importance in BP disease, these cytokines potentially serve as promising targets for developing novel, effective therapeutic strategies for BP.

Cytokine gene polymorphisms or variations may affect cytokine functions by regulating cytokine protein expression and cytokine release, modulating susceptibility to autoimmune diseases. Interestingly, gene polymorphisms of various cytokines have been reported in some other autoimmune diseases (24–26). However, the significance of cytokine polymorphisms in BP disease has not been adequately investigated. In a previous Chinese cohort study, a polymorphism in IL-1β was identified in female patients (27). Recently, some IL-13 variation has been identified as a protective marker from BP in Iranian patients (28). In order to explore the gene polymorphisms of cytokines and their clinical significance in Chinese patients with BP, we performed a retrospective case-control association study to elucidate genetic polymorphisms of various cytokines and their relationship with serum cytokine level, clinical manifestation, and prognosis of patients. Our goal was to identify the key cytokines most relevant to BP and explore the relationship of patients’ characteristics with gene polymorphisms of these cytokines.



Results


Characteristics of Bullous Pemphigoid Patients

The 61 BP patients tested for SNP consisted of 30 males and 31 females, ranging from 31 to 89 years, with a mean age of 69.36 ± 15.28. The 56 patients tested for cytokine serum level consisted of 27 males and 29 females, ranging from 31 to 96 years, with a mean age of 72.09 ± 15.24 years. There was no significant difference between patients and controls regarding age and gender in SNP and serum level analysis (P > 0.05). The frequencies of TGF-β1 (rs4803457) SNP in both patient and control groups deviated markedly from Hardy–Weinberg equilibrium and were excluded from further analysis, while the genotype frequencies of all other polymorphisms were within the equilibrium.



Allele and Genotype Frequencies of Cytokines

Gene variations of IL-1α, IL-1β, IL-4, IL-6, IL-10, IL-13, TNF-α, IFN-γ, and TGF-β1 were analyzed in BP patients compared to healthy controls to clarify whether these polymorphisms are associated with BP (Supplementary Table 1). We found GG is the most common genotype of IL-13 in healthy control, while the AG and AA genotypes are considered as variants. In BP patients, the proportion of IL-13 rs20541 AG genotype was significantly higher (P=0.003). The proportion of IFN - γ rs2430561 TA or TT was much higher than that of the control group. For the allele of IL-13 rs1800925, the T ratio was higher than that of the control group, and the C ratio was lower than that of the control group. For the IL-13 rs20541 allele, the G ratio was lower, whereas the A ratio was higher than that of the control group (Table 1).


Table 1 | Comparison of the genotype and allele frequencies (gene polymorphisms) in the BP and control patients.





Linkage Disequilibrium and Haplotype Frequencies

Linkage disequilibrium (LD) was performed to investigate the relationship between polymorphisms in chromosome (chr) 2, chr5, chr1, chr6, chr12, chr19 among all cytokines (Supplementary Figure 1). We found that rs1800871 and rs1800872 (D’=1, r2 = 1) in IL-10 are in complete linkage disequilibrium. Notably, rs16944 and rs1143627 in IL-1 (D’=1, r2 = 0.985), and rs1800630 and rs1799964 in TNF-α (D’=1, r2 = 0.759), rs2069718 and rs2430561 in IFN-γ (D’=1, r2 = 0.935), and rs2317130 and rs1800469 in TGF-β1 (D’=0.985, r2 = 0.957) have strong linkage disequilibrium. Linkage disequilibrium also exists in rs2069718 and rs2069705 in IFN-γ (D’=1, r2 = 0.501), and rs2317130 and rs4803457 in TGF-β1 (D’=1, r2 = 0.333). However, no LD is found in chr5 where IL-13 and IL-4 locate.

Haplotype frequencies were compared accordingly (Supplementary Table 2). Interestingly, the haploid frequency of IL-13, IL-4 (rs1800925, rs20541, rs2243250) in chr5 was different between the patient and control group, and the proportion of C A C haplotype was more [P=0.05, OR & 95%CI: 47.626 (3.156-718.771)], though not significantly, in the BP group (Table 2).


Table 2 | Haplotype patterns with their frequencies in the population.





Serum Concentration of Cytokines in Patients and Its Relationship With Genotypes

The serum concentrations of IL-1 β ((P=0.048) and IL-13 (P=0.044), but not of the IL-1α, IL-4, IL-6, IL-10, IFN-γ, TNF-α, or TGF-β, were found significantly higher in the sera of BP patients as compared to those of the controls (Figure 1).




Figure 1 | Comparison of serum cytokine levels between bullous pemphigoid patients and control groups. The protein concentrations were measured in the BP patients and healthy control subjects using the commercially available ELISA kits. Statistical analysis revealed a significant difference in the concentrations of IL-1β (P=0.048) and IL-13 (P=0.044) between the patient and control groups, respectively.



We also evaluated the relationship between the different genotypes and serum levels of cytokines (Supplementary Table 3). There is no significant correlation between the genotype and serum concetration of IL-13. A significant correlation was found between the IL-1α rs1800587 genotype and its cytokine concentrations. Patients with the AA genotype have a significantly higher IL-1α cytokine concentration than those with the GG genotype (P=0.027) or the GA genotype (P=0.024). The cytokine concentration of TNF-α rs1799964 genotypes is also significantly different (P<0.001).



Relationship Among Cytokine Gene Polymorphism, Cytokine Serum Level, and Clinical Characteristics

The possible association between cytokine serum level and polymorphic cytokine genotype of the patients was analyzed, respectively. Factors including age, gender, duration before treatment, percentage of eosinophils, number of eosinophils in whole blood, whether hospitalized, mucosa involvement, whether the lesion is extensive, whether complications occurred, DIF, and IIF results were compared. IL-13 is the only cytokine that showed a significant difference. We found that gender is significantly correlated with IL-13 rs20541 genotype (P = 0.027), and the ratio of AG in female is higher than that in male (AG & AA: P = 0.036, AG & GG: P = 0.073). Gender is significantly correlated with the rs1800925 genotype (P=0.030), and females had a higher frequency of CC genotypes than males (CC & TT: P=0.041, CC & CT: P=0.092). Moreover, the serum concentration level of IL-13 is higher in patients with high percentage or numbers of eosinophils, although without significant difference (P=0.082) (Table 3).


Table 3 | Correlation of the IL-13 genotypes and IL-13 serum levels with clinical characteristics and demographic data in BP patients.



In the Kaplan-Meier analysis for the relationship between cytokines and BP’s recurrence (Supplementary Figure 2 and Supplementary Table 4), IL-13 rs20541(P=0.048) and rs1800925 genotype (P<0.001) were significantly correlated with recurrence. For IL-13 rs20541, the ratio of AG in relapsed patients was significantly lower than that of AA genotype (P=0.025); for IL-13 rs1800925, the ratio of rs1800925 TT genotype in relapsed patients was higher than that of CC and CT genotype (CC &TT, P<0.001, CT & TT, P=0.025).




Discussion

The current study revealed that IL-13 is correlated with BP in alleles, genotype, haplotype, and serum cytokine concentration. IL-13 is predominantly secreted by Th2 cells, although mast cells found in the inflammatory infiltrates of BP also produce bioactive IL-13 in vitro (29). IL-13 up-regulates gene expression VCAM-1, a cell adhesion molecule and marker of endothelial activation marker (30). VCAM-1 is a crucial mediator for transmigration of eosinophils and basophils expressing the ligand VLA-4 for VCAM-1. Additionally, IL-13 exerts profibrotic and proinflammatory effects on the human conjunctival fibroblasts by up-regulating the expression of the T cell co-stimulatory molecules CD80, CD40, and CD154, suggesting a significant role in the pathophysiology in mucous membrane pemphigoid (MMP) (31). IL-13 activates eosinophils to secrete various cytokines (including IL-13), promote B cell maturation into plasma cells, and mediate plasma cells to secrete IgE antibodies. Moreover, IL-13 can also transform Th0 cells into Th2 cells to maintain and enhance the entire autoimmune process (Figure 2). In BP, IgE titer was reported to be correlated with disease activity (32). The pathogenic effect of BP180-specific IgE auto antibodies was mediated through the degranulation of eosinophils and mast cells (32, 33). IgE antibodies could also regulate Th2 cells through IL-4 and IL-13 stimulation (34), contributing to a further loss of tolerance against BP180 antigen. Th2 cells produce cytokines such as IL-4, IL-5, IL-13, and other chemokines (including eosinophil chemotactic factor and single-cell chemotactic protein), which are overexpressed in damaged BP skin in the early stage of the disease (35). Interestingly, eosinophils could participate in maintaining Th2-type responses by producing IL-4 and IL-13 (34). This is consistent with our finding that serum IL-13 concentration is positively correlated with the number of eosinophils, which produce even more IL-13 and further activate eosinophils in a “positive feedback” pattern.




Figure 2 | Immunological roles of IL-13 in BP pathogenesis. IL-13 secreted from Th2 cells, or mast cells activates eosinophils that produce more IL-13 molecules in a “positive feedback” pattern. IL-13 also mediates the transition of Th0 to Th2 cells, the primary cells expressing IL-13. Moreover, IL-13 promotes activated B cell maturation to plasma cells expressing BP IgE autoantibodies and enhances BP immunoglobulins (Igs) class switching. IL-13 also enhances VCAM-1 expression that promotes transmigration of eosinophils and basophils to the dermis. In BP, IL-13 also promotes B cell maturation and directly stimulates plasma cells to secrete BP autoantibodies that play a central role in the BP disease pathomechanism. Secretion of proteolytic enzymes including NE and Metalloproteinase-9 from eosinophils or neutrophils causes degradation of BP180 molecules, contributing to the BP disease pathology.



One of our major findings is that the serum IL-13 level in our BP patients was significantly higher than that in healthy subjects, supporting that IL-13 is implicated in the pathomechanism of BP via the Th2 cell-mediated immune response and eosinophil activation (Figure 2). Consistent with this finding, CD3+CD4+ or CD3+CD8+ T cells expressing IL-13 and several other cytokines from the peripheral blood were found significantly higher in BP than those from healthy subjects (20). Interestingly, the percentage of cutaneous lymphocyte-associated antigen (CLA) positive cells expressing IL-13 (CLA+IL-13+) was significantly higher than that of peripheral CLA-IL-13+ cells. Conversely, treatment of BP patients with systemic steroids significantly reduced the frequency of CLA+IL-13+ T cells. CLA is considered as the marker for skin-homing memory T cells that will selectively accumulate into the skin. Similar results were shown in ocular MMP, where treatment with immunosuppressants led to a significant reduction of CD3+ IL-13+ cells in human conjunctival fibroblasts (36), suggesting that IL-13 plays a crucial role in the profibrotic and proinflammatory responses in BP and MMP. The IL-13 monoclonal antibodies (e.g., dupilumab, lebrikizumab, and tralokinumab) have been developed for not only allergic diseases (e.g., atopic dermatitis, asthma) (37) but various other autoimmune diseases (38). The monoclonal antibody therapy (dupilumab) with dual antagonistic effects on IL-4 and IL-13 has been trialed in pilot studies for BP treatment. A patient with severe and refractory BP disease was successfully treated with dupilumab, with no recurrence ten months after remission (38). A multicenter case meta-analysis of 13 patients reported that 92.3% of BP patients treated with dupilumab led to disease remission, and 53.8% of patients achieved complete remission, with no evident adverse reaction observed in those patients (39). In the treatment of BP, targeted therapy has achieved relieving pain or itching and preventing bullae formation. However, the optimal dose, treatment interval, and election of the treatment populations remain to be established in clinical trials.

Notably, we found that IL-1β is also significantly higher in the BP patients’ sera than in the control group, consistent with a previous study (17). This could be due to IL-1β gene polymorphisms linked to BP in a Chinese population (27). IL-1 is a key mediator of innate immunity and plays a central role in many human autoinflammatory diseases. Ameglio et al. have reported a positive correlation between the number of skin lesions in BP patients and the IL-1β level in the blister fluid (18). In our study, the IL-1 SNP polymorphism showed a positive correlation with the serum level of cytokines in BP patients (Supplementary Table 3): The IL-1α cytokine concentration in patients with IL-1α rs1800587 AA genotype was higher than that of GG genotype (P=0.027) and GA genotype (P=0.024). IL-1 could play an essential role in BP development by inducing the synthesis and proteolytic enzyme activity of matrix metalloproteinase 9 in eosinophils and neutrophils (40, 41). The inflammatory process is initiated, further perpetuated, and enhanced by IL-1α and IL-1β (42).

Like IL-13, IL-4 is another crucial cytokine of Type 2 inflammation in which Th2 lymphocytes are the central cells of the adaptive immune response. However, we found that IL-4 is not significantly increased in sera of BP patients. Several published studies have demonstrated an elevated expression of IL-4 and IL-13 in the mononuclear cells in the skin tissue of patients with BP by immunohistochemistry or in situ hybridization (20, 21, 43), suggesting that IL-4 could have a pathogenic effect in the local, lesional skin. Both IL-4 and IL-13 regulate growth, survival, maturation, and activation of eosinophils (44) that contribute to the pathogenesis of BP (45). Additionally, several lines of evidence have shown that IL-4 and IL-13 could impair skin barrier function by suppressing the expression of tight junction proteins, filaggrin, loricrin, and involucrin (46–48). Other groups and we have previously shown a high incidence rate of local skin or systemic infections in BP (49–51). It will be interesting to investigate in the future whether these cytokines are involved in infections in BP patients. 

Our further analysis on alleles and genotypes showed that BP patients were more likely to carry the IL-13 rs20541 allele A. IL-13 rs20541 genotypes in BP patients were significantly different from that of the control group, with a significantly higher proportion of AG genotype. However, a recent study has shown the IL-13 rs20541 variation could play a protective role in BP (28). The discrepancy could be derived from ethnicity differences, as differences in BP incidence and age of onset between ethnic groups have been documented (52). IL-13 rs20541 is located in the IL-13 gene on chr5q31 and is a common coding SNP in exon 4. Interestingly the polymorphism of this locus has been previously associated with several human diseases such as allergic rhinitis, asthma, eczema, and psoriatic arthritis in different ethnic groups (53–56). Our study also has shown a higher frequency of C-allele in IL-13 gene variation (rs1800925) in the healthy subjects than BP patients, although not statistically significant (P=0.078), suggesting this C allele, instead of T allele, could have a protective effect on the susceptibility to BP (28). Our finding that BP patients were likely to carry the IL-13 rs1800925 allele T supports that IL-13 gene polymorphisms might increase BP susceptibility. The IL-13 rs1800925 gene locates on chr5q31, which may cause a C to T transition at the 1112/1024/1055 sites. The C to T transition is also related to many other diseases, including asthma, eczema, psoriatic arthritis, and breast cancer (54–57). Furthermore, we found that the CAC haplotype in IL-13 may increase the susceptibility of BP on the haplotype analysis. Collectively, our results supports that IL-13 gene polymorphism is correlated with a higher risk of BP.

While many other clinical features appear not correlated with BP gene polymorphisms, we found that gender is significantly associated with the alleles of rs20541 and rs1800925, suggesting there is a difference in genetic predisposing factors between male and female patients. As mentioned previously, a published series with a Chinese population has shown a significant association of IL-1 gene alleles (-511T and -31C) with BP in female patients (27).

The expression level of several cytokines has been correlated with BP severity and disease activity (20, 22, 30). Conversely, BP treatment with immunosuppressants could improve BP severity and reduce the cytokine-producing T cells in the skin of BP or MMP (20, 31). More recently, the number of IL-13 expressing cells has been significantly associated with itch severity (58), further supporting that IL-13 is involved in BP pathophysiology. Our analysis of the correlation between IL-13 and recurrence found that both the rs20541 and rs1800925 genotypes significantly correlate with recurrence, suggesting that patients with some genotypes be genetically more susceptible. Relapse in BP remained a persistent issue for patients and clinicians and has contributed substantially to the morbidity and mortality from BP (36). Because high IL-13 expression and gene polymorphisms are associated with BP and clinical relapse of BP, we hypothesize that IL-13 gene polymorphisms have an effect on IL-13 gene expression. However, we found no significant correlation between serum IL-13 level and IL-13 gene polymorphism, highlighting that multiple other factors such as gender may participate and act synergistically in the regulation of IL-13 expression.

Limitations of our study could be the limited number of patients and samples obtained from a single medical center. The heterogeneity of patient treatment and disease status at the time of sample collection could further introduce biases to our conclusion. Moreover, we did not further investigate how gene polymorphisms may directly affect gene expression and disease pathogenesis in BP. Furthermore, it will be interesting to investigate whether there is a significantly elevated expression of the cytokines in the perilesional and lesional skin in future work. Nevertheless, our study presented a series of patients matched with a group of healthy subjects and whose clinical features align with those previously reported series, including characteristics such as age, sex, mucosal involvement, corticosteroid dose, and relapse rate (28, 36, 51, 59–61). Remarkably, our studies have identified that BP is associated with IL-13 gene polymorphism and an increased IL-13 in the peripheral blood. Our preliminary observation also supports that the IL-13 genotypes could be valuable in predicting disease relapse of BP. Future studies with a larger sample size in a multicenter research scenario will be required to validate our results.



Methods


Study Population and Design

The medical records of Chinese BP patients from the Peking Union Medical College Hospital between 2014 and 2019 were searched. All 68 BP patients were Chinese and genetically unrelated to each other. The control group comprised 86 healthy individuals, and the groups were selected to match age and sex for both SNP and serum level analyses. Informed consent was obtained from each participant, and among all these subjects, 61 patients and 86 healthy subjects were available for whole blood collection. 56 BP patients and 52 healthy subjects were available for serum collection. The SNP and serum level of cytokines were examined in 51 BP patients. Complete medical profiles were available only in 37 patients with SNP results and 36 patients with serum level results, and 21 patients were regularly followed up for more than one year.

BP was diagnosed based on clinical presentation, subepidermal blister on skin biopsy, compatible anti-BP180 antibody titer more than 9U/L, positive indirect immunofluorescence microscopy (IIF), or positive direct immunofluorescence microscopy (DIF) according to investigational assessment guidelines (62). Whole blood serum samples of the patients were collected immediately after diagnosis of BP, and the peri-procedural assessment was performed by using the initial data analysis of patients. Samples and medical records of the healthy group were collected at their regular health check. BP patients were followed up by telephone calls or in our outpatient office for prognostic information. The definition of relapse is the appearance of at least three new lesions in one month (including blisters, urticarial plaques, or eczematous lesions) or no less than one large (>10 cm in diameter) urticarial plaque or eczematous lesion that does not heal within one week, or the extension of original lesions or daily pruritus in the adequately managed patients within disease control (36).

The serum cytokine level, cytokine polymorphism, and clinical characteristics of the patient group and the healthy group were analyzed retrospectively. The Human Research Ethics Committee of Peking Union Medical College Hospital considered and approved this study (JS-2338). Informed consent was obtained from all individual participants included in the study.



Genotyping Genes and Measuring Serum Level Cytokines

We extracted genomic DNA from 5 mL of whole blood using a DNA isolation kit with magnetic beads (BioTeKe Corporation). The single nucleotide polymorphisms (SNPs) of cytokine genes including IL-1α (rs1800587), IL-1β (rs16944, rs1143627, rs1143634), IL-4 (rs2243250), IL-6 (rs1800795), IL-10 (rs1800896, rs1800871, rs1800872), IL-13 (rs1800925, rs20541), TNF-α (rs1799964, rs1800630, rs1799724, rs361525), IFN-γ (rs1799964, rs1800630, rs361525, rs1800629, rs4248160, rs1800750), and TGF-β1 (rs2317130, rs1800469, rs4803457) were determined by MassARRAY System analysis.

The DNA sequences containing each SNP of cytokine genes were amplified by polymerase chain reaction. The remaining deoxyribonucleoside triphosphate (dNTP) and primers were removed using Shrimp alkaline phosphatase enzyme. Subsequently, a single base extension primer, whose 3’ terminal base was close to the SNP site and which was completely complementary to the target fragment, was added so that the probe only extended one base at the SNP site. Besides, this primer had four ddNTPs instead of dNTPs so that the connected ddNTP corresponded to the allele of the SNP site. Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS) was used to detect the molecular weight difference between the extended product and the unextended primer and determine the specific base.

Serum samples were tested using the ELISA kits (human IL-1α IL-1β, IL-4, IL-6, IL-10, IL-13, TNF-α, IFN-γ, and TGF-β1 ELISA kits by Neobioscience Company) for cytokine concentrations.



Statistical Analysis

SPSS statistical software program (version 26.0) and GraphPad Prism 8 software were used for statistical analysis in this study. The difference of cytokine serum levels between groups was assessed using the Student’s t-test or Mann-Whitney U test (2 groups) or one-way analysis of variance test (ANOVA, or Kruskal-Wallis test, more than 2 groups). During the analysis of SNPs, the Hardy-Weinberg equilibrium test was conducted with the Chi-square (χ2) test. Genotype distribution, allele frequency, linkage disequilibrium (LD), and haplotype analysis were calculated by SHEsis online software (http://analysis.biox.cn/myAnalysis.php). The χ2 test (or Fisher’s exact) is used to determine the relationship between SNP genotypes, BP occurrence, genotypes of SNP, and clinical characteristics of patients. Kaplan-Meier analysis was performed to analyze the related factors of recurrence. P<0.05 was considered to have a significant difference.
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Mucous membrane pemphigoid (MMP) is an autoimmune blistering disease characterized by autoantibodies against the basal membrane zone of skin and surface-close epithelia and predominant mucosal lesions. The oral cavity and conjunctivae are most frequently affected, albeit clinical manifestations can also occur on the skin. MMP-associated lesions outside the oral cavity typically lead to scarring. Mechanisms underlying scarring are largely unknown in MMP and effective treatment options are limited. Herein, we assessed the collagen architecture in tissue samples of an antibody-transfer mouse model of anti-laminin-332 MMP. In MMP mice, increased collagen fibril density was observed in skin and conjunctival lesions compared to mice injected with normal rabbit IgG. The extracellular matrix of MMP skin samples also showed altered post-translational collagen cross-linking with increased levels of both lysine- and hydroxylysine-derived collagen crosslinks supporting the fibrotic phenotype in experimental MMP compared to control animals. In addition, we evaluated a potential anti-fibrotic therapy in experimental anti-laminin-332 MMP using disulfiram, an inhibitor of the aldehyde dehydrogenase (ALDH), which has been implicated in immune-mediated mucosal scarring. In addition, disulfiram also acts as a copper chelator that was shown to block lysyl oxidase activity, an enzyme involved in formation of collagen crosslinks. Topical use of disulfiram (300 μM in 2% [w/v] methocel) did not improve ocular lesions in experimental MMP over the 12-day treatment period in disulfiram-treated mice compared to vehicle-treated mice (n=8/group). Furthermore, C57BL6/J mice (n=8/group) were treated prophylactically with 200 mg/kg p.o. disulfiram or the solvent once daily over a period of 12 days. Systemic treatment did not show any reduction in the severity of oral and ocular lesions in MMP mice, albeit some improvement in skin lesions was observed in disulfiram- vs. vehicle-treated mice (p=0.052). No reduction in fibrosis was seen, as assessed by immunohistochemistry. Whilst blocking of ALDH failed to significantly ameliorate disease activity, our data provide new insight into fibrotic processes highlighting changes in the collagenous matrix and cross-linking patterns in IgG-mediated MMP.
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Introduction

Mucous membrane pemphigoid (MMP) is an autoimmune blistering disease characterized by autoantibodies against structural proteins of the basal membrane zone of skin and surface-close epithelia and predominant mucosal lesions (1, 2). Most frequently, the oral cavity and conjunctivae are affected, in 20% of patients also the skin (3, 4). MMP lesions in the nose, pharynx, larynx, trachea, esophagus, skin, and particularly, in the conjunctivae, heal with scarring leading to complications, such as laryngeal, tracheal and esophageal narrowing and impaired vision that may proceed to blindness (1, 5). The C-terminus of BP180 (collagen XVII) and laminin-332 represent two of the critical targets in the scarring phenotype of MMP (2). Both molecules extend from the lamina lucida into the lamina densa of the basement membrane zone (6, 7), and a disruption caused by autoantibodies directed against the BP180 C-terminal stretch as well as laminin-332 triggers an inflammatory cascade and immune cells, such as macrophages, release a number of profibrotic cytokines (e.g. transforming growth factor β, interleukin-13), which in turn activate fibroblasts and initiate the fibrosis response (3, 5, 8–12).

A previously established mouse model of MMP, induced by antibody transfer of IgG directed against the laminin alpha 3 chain (Lama3), mimicked characteristic clinical and immunopathological features of the human disease including linear deposits of IgG and C3 at the basal membrane zone of skin and surface-close epithelia, subepithelial blistering, and erosions or blisters in the oral cavity, conjunctivae, esophagus, and skin (13). Animal models of MMP and other pemphigoid diseases, including, bullous pemphigoid and epidermolysis bullosa acquisita, have provided mechanistic insight in disease pathways underling the inflammatory processes and blister formation in autoantibody-induced tissue injury (14–16), yet, the mechanisms underlying scarring fibrosis have not been investigated in these experimental models.

Current therapies of MMP are aimed at managing inflammation and as such only indirectly prevent progressive fibrosis. Therapeutic regimens mainly rely on the long-term use of high-dose corticosteroids in combination with potentially corticosteroid-sparing agents such as azathioprine, mycophenolate mofetil, cyclophosphamide, or intravenous immunoglobulin (2, 17). With the aim of identifying more effective therapy options for mucocutaneous autoimmune diseases, particularly for the severe consequences of tissue scarring, Ahadome et al. previously demonstrated that aldehyde dehydrogenase family 1 (ALDH1) is implicated in ocular mucosal scarring and inflammation (18). ALDH1 was shown to be upregulated in conjunctiva and fibroblasts of ocular MMP patients. Conversely, ALDH inhibition with disulfiram, which can block both cytosolic ALDH1 and mitochondrial ALDH2 isoforms (19), led to a decrease in fibrosis in a mouse model of scarring allergic eye disease.

Here, we evaluated the anti-fibrotic and anti-inflammatory properties of the ALDH inhibitor disulfiram in the antibody-transfer induced mouse model of anti-laminin-332 MMP. Whilst our data provide evidence for fibrotic changes and dysfunctional collagen-crosslinking in MMP skin, ALDH inhibition did not significantly ameliorate skin and mucosal lesions in experimental MMP.



Materials And Methods


Mice

All animal experiments were approved by the Schleswig-Holstein Ministry of Energy Transition, Agriculture, Environment, Nature and Digitalization (40-3/15, 20-2/17). Adult C57BL/6J mice were purchased from Charles River (Wilmington, MA, USA). Mice were housed at the animal facility of the University of Lübeck under sterile conditions (SPF, specific pathogen-free) with a 12-hour light-dark cycle and free access to food and water. Clinical examinations were performed on anesthetized mice. Anesthesia was initiated with i.p. administration of ketamine (100 µg/g) and xylazine (15 µg/g). Mice were sacrificed under anesthesia by cervical dislocation and tissue biopsies were taken for subsequent analyses.



Antibody-Transfer Mouse Model of MMP

The induction of experimental MMP has been described in detail previously (13, 20). In brief, anti-murine laminin alpha 3 (mLama3) IgG was generated by immunization of New Zealand white rabbits with recombinant His-tagged fragments directed against the mid (amino acids 1656–1985) and C-terminal (amino acids 2756–3330) domains of mLama3. Total rabbit IgG was affinity purified using protein G Sepharose (Genscript, Piscataway, NJ, USA). C57BL/6J mice were injected s.c with 6 mg anti-mLama3 IgG or normal rabbit IgG every other day from Day 0 to Day 10 to induce disease. Experimental groups were distributed in a blinded manner and mixed within the cages.



Treatment

For local treatment of ocular lesions, disulfiram (Tetraethylthiuram disulfide, Sigma-Aldrich, Munich, Germany) was dissolved to a concentration of 300 μM in 2% (w/v) methocel ([Hydroxypropyl-methylcellulose], Sigma-Aldrich, Munich, Germany) and administered to the diseased C57BL/6J mice (n=8) daily from Day 8 to Day 19 as eye drops. The control group (n=8) received methocel only. In addition, C57BL/6J mice (n=8/group) were treated systemically with p.o. 200 mg/kg disulfiram once daily or olive oil (ALDI, Essen, Germany) over a period of 12 days.



Scoring of Mice

The extent of affected body surface area was determined during anesthesia and was done in a blinded fashion every fourth day as described (13, 21). For evaluation of eye lesions, the percentage of affected ocular surface, with each eye contributing to 50% to the total percentage of the affected eye area, was determined. Swellings, crusts, and erosions were rated equally, regardless of their extent or severity.

On the last day of the experiments, mice were narcotized and endoscopy of the oral cavity was performed (HOPKINS Optik 64019BA; Karl StorzAidaVet, Tuttlingen, Germany) to assess the extent of oral erosions and blisters present on the tongue, left/right cheek, and pharyngeal mucosa. The presence of lesions, on one of these sites results in a score of 1; if lesions on all four sites occur, the maximum score of 4 is given.

To quantify the severity of conjunctival lesions in the mice, biopsies of the palpebral conjunctiva were taken on the last day of the experiment, preserved in 4% Histofix Solution (Carl Roth, Karlsruhe, Germany) and embedded in paraffin. Sections with a thickness of 5 µm were cut from three different areas within the tissue block (100 micrometers apart) and stained with hematoxylin & eosin according to the standard protocols. Of these, only the sections showing the largest split at the level of the basement membrane zone were evaluated, whereby the following criteria had to be met: (i) The conjunctiva has a length of at least 1000 µm. (ii) The split is not at the end of the section. The length of the split formation in the conjunctiva was determined using Keyence BZ-II Analyzer software (vs 2.1) and scored as follows: no split formation: score = 0; split 1–100 µm: score = 1; split 101–200 µm: score = 2; split 201–300 µm: score = 3; split ≥ 300 µm: score = 4.



Histological Stainings

For the Picrosirius red staining, a Picrosirius red solution was prepared by dissolving 0.5 mg of Direct Red 80 Dye (Sigma-Aldrich, Munich, Germany) in 500 ml of saturated 1.2% picric acid (Fisher Scientific, Schwerte, Germany). After deparaffinization and rehydration, 5 µm-thick paraffin sections were stained with Mayer’s Haematoxylin (Waldeck, Münster, Germany) for 10 minutes. The slides were then rinsed in running tap water for 10 minutes and counter-stained with picrosirius red solution for 1 hour. The slides were briefly rinsed in distilled water and washed in two changes of acidified water for 2x 5 minutes. The water from the slides was removed by vigorous shaking, dehydrated through two changes of 100% ethanol for 2x 5 minutes, and two changes of xylene for 2x 5 minutes, and cover-slipped with resinous mounting medium. The sections were imaged using a Keyence microscope (BZ-9000 series, Keyence GmbH, Neu-Isenburg, Germany). Images were captured using identical settings and exposure time. Quantification of collagen fibril density was performed using ImageJ (version 1.53i, https://imagej.nih.gov/ij/). All images were converted to gray scale and red-stained collagen isolated using the same thresholding for all images. The mean percentage of Picrosirius red positive area (± SD) was calculated from two to five images from each biopsy.

The Masson-Goldner’s trichrome staining was performed as previously described (22).



Indirect Immunofluorescence Staining

Indirect immunofluorescence staining was performed as described (23, 24). Antibodies included Alexa Fluor 594 anti-mouse F4/80 clone BM8 and Alexa Fluor 594 anti-mouse CD11c clone N418 (both Biolegend, San Diego, California, USA) as well as DAPI (Roche Diagnostics, Mannheim, Germany).



Protein and Collagen Crosslink Analysis

4-mm punch biopsies of lesional skin from the head/neck area and conjunctiva as well as 1 cm of apical esophagus were obtained from diseased and non-diseased female C57BL/6J mice (n=6/group) on Day 28 and stored at -20°C prior to processing. For crosslink analysis, samples (about 20 mg wet weight) were reduced by sodium borohydride (Sigma-Aldrich, Munich, Germany; 25 mg NaBH4/ml in 0.05 M NaH2PO4/0.15 M NaCl pH 7.4, 1 h on ice, 1.5 h at room temperature) to stabilize acid-labile collagen crosslinks. Specimens were digested with high purity bacterial collagenase (C0773; Sigma-Aldrich, Munich, Germany; two times 50 U/ml, 37°C, 18 h). After centrifugation, the soluble fractions (collagen crosslinks) were hydrolyzed in 6 N HCl at 110°C for 24 h. The hydrolyzates were pre-cleared by solid-phase extraction to remove the bulk of non-crosslinked amino acids (Agilent, USA). Dried eluates were re-dissolved in sodium citrate loading buffer (pH 2.2) and analyzed on an amino acid analyzer (Biochrom 30, Biochrom, Cambridge, UK) using a three-buffer gradient system and post column ninhydrin derivatization. The column was eluted for 5 min (flow rate 15 ml/h) with sodium citrate buffer (pH 4.25), for 40 min with sodium citrate buffer (pH 5.35) and for 20 min with sodium citrate/borate buffer (pH 8.6) at 80° C. Retention times of individual crosslinks were established with authentic cross-link compounds. Quantitation was based on ninhydrin generated leucine equivalence factors (dihydroxylysinonorleucine [DHLNL], hydroxylysinonorleucine [HLNL]: 1.8; hydroxyllysylpyridinoline [HP]: 1.7) (25). The nomenclature used in the manuscript refers to the reduced variants of cross-links (DHLNL, HLNL). The collagen and the non-collagenous protein content of the specimens were analyzed in an aliquot of hydrolyzed samples of the soluble and the residual fractions prior to solid phase preclearance. Collagen content was calculated based on a content of 14 mg hydroxyproline in 100 mg collagen.



Transcriptome Analysis

Perilesional skin biopsies were obtained from mice after repeated injection of anti-mLama3 IgG adult (n=5) or normal rabbit IgG (n=3). Tissue samples were taken on the last day of the experiment (Day 12) and stored in RNAlater (Qiagen, Hilden, Germany). Processing of RNA and subsequent next-generation sequencing was carried as described previously (26). Fastq reads were pseudo-aligned to the GRCm38 mm10 genome assembly using Kallisto (27) and transcript read counts were aggregated to Ensembl Gene IDs for further analysis. Differential gene expression analysis was performed via the R library sleuth (28) using a linear model that accounted for batch effects. Significance and effect sizes of differential gene regulation were calculated from the likelihood ratio and the Wald test, respectively, as implemented in the sleuth package.



Statistical Analysis

GraphPad Prism (Version 7, GraphPad Software, San Diego, CA, USA) was used for statistical analysis. All data presented as mean ± standard deviation. Unless otherwise stated, an unpaired t-test was performed to determine significance. For all analyses, p < 0.05 was considered statistically significant.




Results


Increased Collagen Fibril Density and Altered Post-Translational Collagen Cross-Linking Contribute to Fibrotic Changes in Experimental MMP

Experimental MMP was induced in C57BL/6J mice by transfer of rabbit anti-mLama3 IgG directed at recombinant fragments of mid and C-terminal domains, as described (13). Anti-mLama3 IgG was injected at a dose of 6 mg/mouse/injection subcutaneously into the neck of C57BL/6J mice (n = 6) every second day from Day 0 to Day 10. Control mice received the comparable dose of normal rabbit IgG. In line with our previous report, mice treated with anti-mLama3 IgG developed erosions and crusts primarily on the head and neck, forelegs, around the ears, eyes, and snout that were present up to Day 28 with a mean (± SD) affected body surface area of 4.71 (±1.16) (Figure 1A). Skin histology showed subepithelial split formation and a dense infiltrate of inflammatory cells particularly in the upper dermis (Supplemental Figure 1). In addition, mice developed severe lesions in the oral cavity as assessed by endoscopy, with erosions and blisters present on the tongue, oral mucosa, and pharynx (Figure 1B). The oral severity disease score integrates affected areas on the buccal (left/right), tongue, and pharyngeal mucosa, as described in the Materials & Methods section. Ocular lesions present in MMP mice were confirmed on a histological level by presence of subepithelial split formation accompanied by leukocyte infiltration below the basement membrane (Figures 1C, D). Control mice challenged with normal rabbit IgG did not develop any clinical or histological alterations (Figures 1A–D).




Figure 1 | The mouse model of mucous membrane pemphigoid (MMP) recapitulated phenotypic features of human disease up to four weeks. (A) Throughout the 28-day study, injection of anti-laminin alpha 3 (Lama3) IgG led to development of crusts and erosions on the skin mainly presenting on the head and neck area (n=8/group). One mouse/group died during the course of the study. (B) Endoscopy showed prominent oral lesions in MMP mice on Day 28. (C) Anti-Lama3 IgG-injected mice presented with periocular crusted erosions and conjunctival inflammation. (D) Consistent with the presence of ocular lesions, histological analysis showed subepithelial cleavage and leukocyte infiltrates in palpebral conjunctiva biopsies of MMP mice (D). Mice injected with normal rabbit IgG served as a control and did not show any meaningful clinical or histological manifestations. A two-way ANOVA with Sidak’s multiple comparisons test was used to calculate significance (A, C).



Pemphigoid animal models were shown to recapitulate distinct phenotypic and immunopathological features of the different disease subtypes, yet scarring fibrosis has not been investigated in-vivo. To assess fibrotic changes in the anti-mLama3 IgG-induced MMP mouse model we first analyzed the collagen architecture in murine tissue samples obtained on Day 28. Picrosirius red staining, which stains collagens with a deep red color under a brightfield microscope, showed increased collagen fibril density in tissue samples from skin and palpebral conjunctiva in MMP compared to healthy control mice treated with normal rabbit IgG (Figures 2A, B). In addition, Masson’s trichrome staining, which shows collagen-rich fibrotic regions in blue, confirmed the presence of increased collagen fibril thickness in MMP tissue samples (Figures 2A, B).




Figure 2 | Experimental mucous membrane pemphigoid (MMP) showed an increased collagen fibril density. (A, B) MMP mice injected with anti-laminin alpha 3 (Lama3) IgG showed increased collagen density in lesional skin (A) and palpebral conjunctiva (B) on Day 28, as assessed by Picrosirius red staining (top row of panels A and B) and Masson’s trichrome staining (bottom row of panels A and B). No increases in collagen fibril density were seen in control mice treated with normal rabbit IgG. Scale bars = 100 µm.



Next, we performed biochemical analysis of defined tissue biopsies obtained from lesional skin, conjunctiva, and esophagus to quantify collagen and non-collagenous proteins as well as different components of the collagen cross-linking pathways. In contrast to the histopathological findings, no increases in either collagen or non-collagenous proteins were observed (Figures 3A, B). Nevertheless, amino acid analysis showed changes in different components of two main collagen cross-link pathways, namely the allysine and hydroxyallysine route (29, 30). Lysine aldehyde-derived collagen crosslinks (allysine pathway), like hydroxylysinonorleucine (HLNL), are characteristic for soft tissues, such as the skin. Hydroxylysine aldehyde-derived collagen cross-links (hydroxyallysine pathway) include the divalent crosslink dihydroxylysinonorleucine (DHLNL) and its maturation product hydroxylysylpyridinoline (HP) and are typically observed in hard tissues, such as bone and cartilage. Increases in these crosslinks are also associated with fibrosis (31–33). Significant increases in HLNL and total crosslinks were observed in lesional skin of MMP mice compared with the control group (Figure 3C). Increased levels of DHLNL were also observed in lesional skin of diseased mice, however, these changes were not statistically significant. No meaningful changes in HP were detected in MMP skin biopsies (Figure 3C). Collagen crosslinks in tissue biopsies from conjunctiva and esophagus were unchanged (data not shown).




Figure 3 | Experimental mucous membrane pemphigoid (MMP) showed elevated levels of collagen crosslinks. (A, B) Amino acid analysis showed no changes in collagen content (A) as well as non-collagenous proteins (B) in MMP vs. control mice. (C) Significant increases in total collagen cross-links as well as HLNL were observed in MMP lesional skin samples, compared with healthy control mice. In addition, higher levels of DHLNL were measured in MMP lesional skin, whereas levels of the mature cross-link HP were comparable in both groups. HP, Hydroxyllysylpyridinoline; DHLNL, dihydroxylysinonorleucine; HLNL, hydroxylysinonorleucine.



In light of a potential new therapeutic approach using the ALDH inhibitor disulfiram, we also assessed transcriptome data from an independent study, where perilesional skin was obtained from mice with anti-mLama3 IgG-induced MMP at Day 12. In this data set, we specifically searched for significantly upregulated RNA levels of ALDH isoforms, as Ahadome et al. previously demonstrated that particularly ALDH1 isoforms contribute to fibrotic scarring in ocular MMP (18). In line with this report, we also detected significantly increased levels of Aldh1b1 as well as Aldh3b1, Aldh16a1, and Aldh18a1 demonstrating that other ALDH isoforms potentially also contribute to fibrotic scarring in MMP (Table 1).


Table 1 | Upregulated ALDH isoforms in perilesional skin of MMP mice.





Topical Application of Disulfiram Did Not Ameliorate Ocular Lesions in Experimental MMP

Since signs of fibrosis were present in the antibody-transfer mouse model of MMP, we aimed at evaluating the long-known ALDH inhibitor disulfiram, which has previously been proposed as a promising new anti-inflammatory and anti-fibrotic treatment option in ovalbumin-induced allergic scarring conjunctivitis (18). In addition, disulfiram was also shown to block activity of lysyl oxidases, which aid in catalyzing the cross-linking reaction of collagens (34). Disulfiram was dissolved to a concentration of 300 μM in 2% (w/v) methocel and administered to the diseased mice (n = 8/group) daily from Day 8 to Day 19 in the form of eye drops (Figure 4A). Upon start of the treatment on Day 8, the mice had a mean affected eye surface area of 21% and 15% in the vehicle vs. disulfiram group. On Day 20, mice of both the vehicle and disulfiram groups presented with severe ocular lesions characterized by crusted erosions and progressive conjunctival scarring respectively (Figure 4B). No improvement in the extent and severity of eye lesions was observed as a result of the topical treatment in both treatment and control groups over the treatment period of 12 days and vehicle vs. disulfiram-treated mice showed no significant differences in the mean affected eye surface area on Day 20 (58% vs. 73%) (Figure 4C). In addition, histological quantification of subepithelial split formation (conjunctiva score) showed no difference between the treatment and control group (Figure 4D).




Figure 4 | Local use of the ALDH inhibitor disulfiram did not improve conjunctival lesions in experimental MMP. (A) Disulfiram or the respective solvent were administered to the diseased mice (n = 8/group) daily from Day 8 to Day 20 as eye drops. (B) Mice with experimental MMP presented with progressive conjunctival scarring and corneal changes on Day 20. Statistical analysis was performed using two-way ANOVA with Sidak’s multiple comparisons test. (C) On Day 8, the mice had an average affected ocular surface area of approximately 20%. Over the treatment period of 12 days, no improvement in the extent of ocular lesions was observed as a result of the topical treatment in both groups. (D) No significant difference in conjunctiva scores was present in vehicle- vs. disulfiram-treated tissue biopsies. n.s., not significant.





Systemic Treatment With the ALDH Inhibitor Disulfiram Did Not Resolve Clinical Lesions in Experimental MMP

Since topical treatment did not show any meaningful therapeutic effects in experimental MMP, we assessed whether systemic use of disulfiram would improve MMP-associated lesions in mice. C57BL6/J mice (n = 8/group) were injected s.c. with anti-mLama3 IgG every other day over a period of 10 days to induce experimental MMP (Figure 5A). In parallel, mice were treated prophylactically, starting one day before the induction of the disease, with p.o. 200 mg/kg disulfiram once daily or the respective solvent, i.e., olive oil, over a period of 12 days. One mouse of each group died during the study. No significant changes in affected body surface area were observed in both treatment groups, though disulfiram-treated mice showed a trend towards improvements in clinical skin scores (p = 0.0521) (Figure 5B). Skin histological findings with subepidermal spilt formation and inflammatory infiltrate, including macrophages (F4/80) as well as dendritic cells (Cd11c), were similar between vehicle and disulfiram-treated MMP mice (Supplemental Figure 2). Endoscopy was performed at Day 12 to determine the extent of oral involvement. No difference in the extent of oral lesions was observed in the disulfiram-treated mice compared to vehicle-treated animals (Figure 5C). In line with the lack of topical treatment response, no improvement in the extent and severity of ocular lesions was seen (Figure 5D), and no reduction in fibrosis was apparent on a histological level, as demonstrated by comparable density in collagen fibrils in control vs. disulfiram-treated mice (Figure 5E).




Figure 5 | Systemic treatment with the ALDH inhibitor disulfiram did not resolve skin and mucosal lesions in experimental MMP. (A) C57BL6/J mice (n = 8/group) were treated prophylactically with p.o. 200 mg/kg disulfiram once daily or the respective solvent, i.e. corn oil, over a period of 12 days. (B) No significant changes in affected body surface area were observed in both treatment groups, though disulfiram-treated mice showed a trend towards improvement in clinical skin scores (p = 0.0521). Statistical analysis was performed using two-way ANOVA with Tukey’s multiple comparisons test. (C, D) In addition, endoscopy and histological analysis showed no improvement in the severity of oral mucosal lesions (C) or conjunctiva scores (D), respectively, in vehicle- vs. disulfiram-treated mice. (E) No significant reduction in collagen fibril density was seen in vehicle vs. disulfiram-treated mice, as assessed by Picrosirius red staining. Scale bar = 50 µm. n.s., not significant; SD, standard deviation.






Discussion

Consistent with the fibrotic changes observed in experimental MMP, fibrotic scarring is commonly seen in chronic or recurrent lesions of skin and mucous membrane in patients with MMP (2, 10, 35). In particular, scarring is of high clinical relevance in the conjunctivae due to the associated progressive visual impairment (5). Cutaneous lesions manifesting as tense blisters typically present on the scalp, face, neck, inguinal areas, and limbs. Typically, skin lesions in MMP heal with scarring and milia formation (36, 37). Scarring of the skin can result in discoloration and patchy areas of hair loss. This phenotype is often associated with the Brunsting-Perry pemphigoid subtype, which, predominantly presents with skin lesions on the head and neck healing with atrophic scarring (1, 36–38). Mucous membrane involvement does occur in patients with the Brunsting-Perry pemphigoid, albeit infrequently. Anti-fibrotic therapies, including those for cicatricial conjunctivitis in MMP, are scarce and of limited effect. The aim of the present study was, to determine the extent of fibrosis in a mouse model of MMP and to evaluate the anti-fibrotic properties of the ALDH inhibitor disulfiram.

Fibrotic scarring is typically marked by elevated levels of extracellular matrix proteins, particularly collagens, which provide mechanical integrity and resiliency to various tissues (39, 40). Besides the increased collagen deposition, changes in posttranslational cross-linking of collagen were demonstrated to contribute to increased tissue stiffness and fibrosis in various diseases associated with collagen abnormalities, including sclerotic skin conditions, such as systemic sclerosis, lipodermatosclerosis, keloids, and hypertrophic scars (31, 32, 41–43).

The formation of enzymatic collagen crosslinks is driven by lysyl oxidases, which catalyze the oxidative deamination of lysine or hydroxylysine residues in the telopeptides of collagens into allysine or hydroxyallysine aldehydes, respectively (29, 30, 44). These aldehydes subsequently react with helical lysine or hydroxylsyine residues leading to formation of divalent collagen crosslinks, e.g. HLNL (allysine pathway) or DHLNL (hydroxyallysine pathway), the latter of which is further processed into the trivalent crosslink HP (hydroxyallysine pathway) that contributes to the stiffness and strength of the functional collagen fibrils. HLNL can be formed between telopeptidyl allysine and helical hydroxylysine or telopeptidyl hydroxyallysine and helical lysine and, thus, belongs to both, the allysine or hydroxyallysine pathway. In rodent skin, the helical lysine residue utilized in HLNL is completely hydoxylated, so, here, HLNL belongs to the allysine pathway (45).

Here, we showed that in both lesional skin and palpebral conjunctiva, fibrosis was present in mice four weeks after induction of experimental MMP compared to mice injected with control IgG. In addition, immature collagen crosslinks of both the allysine and hydroxyallysine routes are elevated in MMP lesional mouse skin. Histological analysis using both Pircrosirus red and Masson’s trichrome staining showed an increased fibril density due to these changes in collagen crosslinks rather than an increased collagen deposition in the extracellular matrix. Similar observations were made for arthrosis, where bone tissue showed an increase in collagen density but not in collagen concentration (46). In healthy skin, allysine pathway-derived collagen crosslinks are typically prevalent. Elevated levels of soft tissue crosslinks in the MMP mouse samples are consistent with previous studies, where increases in lysine-derived crosslinks as well as allysine content were shown to be associated with systemic sclerosis and early stages of pulmonary fibrosis as a result of increased lysyl oxidase activity (47–50). Characteristic for pathologic fibrosis in soft tissues such as the skin, lung, liver, and kidney is also an increased formation of hydroxyallysine crosslinks including DHLNL and HP, which are typically seen in stiff connective tissues (31–33, 41, 42, 51–56). In line with these reports, we observed increases in the hydroxylysine-derived crosslink DHLNL in MMP skin. The marked accumulation of collagen crosslinks may contribute to increased tissue stiffness and progressive fibrotic scarring and particularly elevated levels of hydroxylysine-derived crosslinks were demonstrated to increase matrix stiffness due to a lower susceptibility to proteolytic degradation (54). Signs of fibrosis were also visible in the conjunctiva; however, these observations were not supported by changes in collagen crosslinks. Further analysis is required to assess fibrosis in conjunctiva tissue of MMP mice, as our analysis was limited to biopsies from the palpepbral conjunctiva on Day 28. Other parts of the ocular surface sheet, including bulbar conjunctiva and cornea, may show more pronounced fibrosis and altered cross-linking patterns. Taken together, the main feature of MMP-induced fibrosis on a biochemical level is an increase in total collagen crosslinks in lesional skin, which may be due to an increase in lysyl oxidase gene expression or enzyme activity. While this has not been documented for MMP yet, studies of injured human skin of recessive dystrophic epidermolysis bullosa patients showed higher levels of lysyl oxidase (57). Increases in collagen fibril density as well as immature and mature crosslinks points towards early stages of fibrosis in the MMP antibody-transfer mouse model.

In subsequent experiments, we aimed at reducing the fibrotic activity during anti-mLama3 IgG-induced conjunctival and skin inflammation by the ALDH1 inhibitor disulfiram that had previously been used successfully in a mouse model of scarring allergic eye disease (18). In line with the data from reported by Ahadome et al. we also detected increased mRNA levels of different ALDH isoforms, including Aldh1b1 in MMP skin, which reinforces the role of the enzyme in fibrotic scarring. Disulfiram was initially approved for management of alcohol dependence and is currently evaluated for treatment of malignancies and fungal infections (58–60). The ALDH1 family was also shown to play a role in atopic dermatitis pathology, though its precise function in the skin and disease mechanisms are not yet understood (61). Furthermore, disulfiram also acts as a copper chelator that was shown to block lysyl oxidase activity, which could potentially also reduce the formation of collagen crosslinks in the extracellular matrix. In the MMP mouse model, systemic treatment with disulfiram led to minor reduction of skin lesions. However, no effects on both oral and conjunctival lesions were apparent following either systemic or local administration of disulfiram. Of note, methodological aspects, were consistent with previously published data and we used the same dose of disulfiram, which was shown to be effective for topical treatment of ocular eye lesions in the allergic eye model (18). Furthermore, systemic treatment was done using a high dose of disulfiram of p.o. 200 mg/kg daily (in comparison the maximum recommended dosage for a 70 kg adult is p.o. 500 mg/day, which corresponds to 7.14 mg disulfiram/kg body weight) (62, 63). Therefore, differences in the animal models and associated immune responses might explain the lack of adequate therapeutic response in experimental MMP.

The allergic eye disease mouse model is an active mouse model where experimental conjunctivitis is induced by immunization of mice with ovalbumin i.p. in combination with the adjuvant aluminum hydroxide as well as pertussis toxin, and subsequent challenge with ovalbumin eye drops (64). This results in an IgE-dependent immune response of the mice. In contrast to IgE-associated ocular allergy, MMP is dominated by IgG and IgA immune responses (1–4). Only a few cases have been published where circulating IgE antibodies were detected in patients with MMP, and to our knowledge only one MMP patient with IgE antibodies against laminin-332 was reported, albeit not in connection with conjunctivitis (65, 66). IgE autoantibodies in pemphigoid disease were mainly reported to target the N-terminal ectodomain of BP180 or BP230 in patients with bullous pemphigoid, a pemphigoid diseases not associated with scar formation and a low rate of mucosal lesions (67–71).

The lack of therapeutic efficacy of disulfiram treatment in experimental MMP suggests different immunopathological pathways as causative for the MMP-associated fibrotic phenotype compared to experimental allergic conjunctivitis. In line with the changes in cross-linking processes in experimental MMP described in the present study, future therapy strategies may use small molecule inhibitors that target pathological collagen crosslinking and restore extracellular matrix homeostasis (72, 73).

The limitations of our study include the selection of different time points chosen to demonstrate the apparent fibrotic changes in experimental MMP vs the evaluation of the therapeutic effect of disulfiram in the MMP mouse model. In context of the systemic approach a later time point, in addition to Day 12, should provide more insight into fibrotic processes in experimental MMP, in particular the chronic/remodeling phase of the disease, in subsequent studies. In addition, the inclusion of a secondary control group to the study design, supplementary to the vehicle and disulfiram-treated groups, would add to the interpretation of the data, particularly in evaluating baseline collagen dynamics.

Taken together, our study revealed new insight in autoantibody-mediated fibrotic scarring demonstrating changes in the collagen architecture with increased fibril density and crosslinking activity, which were particularly prominent in skin lesions in experimental MMP. Lack of treatment response following ALDH inhibition in experimental MMP points to the contribution of other fibrogenic mechanisms to this disease and other IgG/IgA-mediated autoimmune blistering diseases with a propensity for scarring.
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Introduction

Even before the outbreak of coronavirus disease 2019 (COVID-19), vaccines have been the most important preventive measure against infectious diseases. Vaccines have led to the eradication of some infectious diseases and have reduced the mortality and morbidity of many others. However, concerns about their safety have led to hesitancy toward vaccination. Despite their undeniable advantages, vaccinations have also been accused of having a potential role in inducing autoimmune diseases (1, 2).

Some cases of arthritis, vasculitis, and central or peripheral nervous system disorders have been reported following vaccination (3). As concerns the COVID-19 vaccine, the matter is further complicated by the nucleic acid formulation of the vaccine and its accelerated development imposed by the emergency situation of the pandemic (4). On one hand, patients with autoimmune diseases are more likely to develop severe forms of COVID-19 rather than adverse reactions to the COVID-19 vaccine (5); on the other hand, several reports have been linking COVID-19 vaccination with the onset of a variety of autoimmune disorders (6–8). As for the dermatological adverse reactions, among others (9), recent reports suggest an association between COVID-19 vaccination and the onset of autoimmune bullous diseases (AIBDs) (10–13). Should we really blame the vaccines?



An Example

As a perfect example of what we mean, we would like to cite the case of a 75-year-old male with type-II diabetes mellitus treated with gliptins, who developed bullous pemphigoid (BP) 48 h after receiving the first dose of the Comirnaty Pfizer-BioNTech vaccine. Physical examination revealed widespread tense blisters on erythematous skin. Histological examination and direct immunofluorescence findings confirmed the diagnosis of BP. Discontinuation of gliptins resulted in prompt clinical improvement, and the cutaneous lesions were managed by topical steroids alone.



Discussion

Vaccine-associated autoimmunity is a well-known phenomenon, which can be attributed to either the cross-reactivity between antigens or the effect of adjuvants (4). Reports on the onset of autoimmune diseases, including AIBDs, in healthy patients who received COVID-19 vaccines have been recently published. Pérez-López et al. (10) reported the case of a 78-year-old woman with diabetes mellitus and Alzheimer’s disease, treated with insulin and memantine, who developed BP 3 days after receiving the first dose of the Comirnaty Pfizer-BioNTech vaccine. Notably, she experienced a subsequent reactivation after receiving the second dose (10). A 77-year-old patient, with no significant clinical history, consulted for skin blisters that appeared 24 h after the first injection of the AstraZeneca COVID-19 vaccine; immunofluorescence findings confirmed the diagnosis of BP (11). Solimani et al. (12) described the case of a 40‐year‐old Asian woman, without any history of skin disease and otherwise healthy, who developed pemphigus vulgaris (PV) 5 days after COVID‐19 vaccination with the Comirnaty Pfizer-BioNTech vaccine; also, the lesions worsened and spread to the upper body 3 days after the second dose. Damiani et al. (13) highlighted one more issue, by arguing that COVID‐19 vaccines may trigger PV and BP flares in patients already affected by these diseases, during a period of remission. Namely, 5 patients (2 PV, 3 BP) were reported to have experienced a flare after undergoing COVID-19 vaccination (13).

Our patient developed BP shortly after receiving the first dose of Comirnaty Pfizer-BioNTech vaccine. On the other hand, the association between gliptins and BP is well-known (14). Therefore, BP might be considered as an adverse effect of the antidiabetic treatment. Moreover, discontinuing gliptins resulted in quick clinical improvement, giving strength to the hypothesis of a drug adverse event. However, one may argue that the onset only 48 h after the immunization suggests a role played by the vaccine, as the patient had been taking gliptins for 1 year without any skin reactions. In our opinion, our case suggests the role of COVID-19 vaccine as a possible trigger, but not as an independent cause, of immune reaction in the setting of a gliptin-related BP.

Also, when considering COVID-19 vaccination as a possible cause of AIBDs, one would expect an increase of their incidence in 2021 compared to the previous years. Oppositely, in our department which is a regional referral center for AIBDs, we observed a stable, or rather an inverse, trend, as 33 new cases of AIBDs (of which 25 were BP) were diagnosed in 2021 compared to 41 cases (31 BP) in 2020 and 47 cases (26 BP) in 2019. This appears to give strength to our hypothesis that COVID-19 vaccines probably are not independent causes of AIBDs.

Of course, well-conducted epidemiological studies are needed to clarify whether an actual relationship between COVID-19 vaccines and AIBDs really exists. However, perhaps some of the AIBDs reported to be vaccine-induced actually are not. In fact, as in our case, sometimes there are underlying factors that make the patient prone to develop AIBDs, and vaccination only accidentally occurs shortly before the AIBD onset, or at most, it acts as a triggering event. Unfortunately, not all these underlying factors of BP and PV are known, so AIBDs may be incorrectly considered as vaccine-induced. This is of crucial importance, as it may result in improper contraindication to further doses. Our patient was advised to get the second dose of the vaccine, but he refused.

In conclusion, benefits of vaccination against COVID-19 outweigh risks in terms of developing AIBDs; therefore, dermatologists should advise their patients to get vaccinated.
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Background

A close association between psoriasis and anti-p200 pemphigoid has been demonstrated by numerous studies. However, the clinical characteristics of patients suffering from these two entities have not yet been well-elucidated.



Objective

This study aimed to review the case reports and case series, summarizing clinical features and therapeutic strategies in patients suffering from anti-p200 pemphigoid and psoriasis.



Methods

A systematic review was conducted by searching PubMed, EMBASE, and Web of Science databases for studies published in English involving patients with psoriasis and anti-p200 pemphigoid on 6 September 2021. All case reports and case series reporting patients diagnosed with anti-p200 pemphigoid and psoriasis were included in this systematic review.



Results

A total of 21 eligible studies comprising 26 anti-p200 pemphigoid patients with preceding psoriasis were included in the qualitative synthesis. The average age at blisters eruption was 62.5 years, and the mean duration between the two entities was 15.6 years. Twenty-four percent of patients developed bullous lesions during UV therapy. Clinical manifestation of bullae and/or vesicles was recorded in all patients, and the trunk (94.7%) was most frequently involved, with only 15.8% reporting mucosal involvement. Epitope spreading was detected by immunoblotting in 33.3% of patients. All the patients reached completed remission during the course of disease, with 36.8% experiencing at least one relapse. Monotherapy of prednisolone was the leading therapeutic approach (n=6, 31.6%) required for disease control, but 5 (83.3%) of them suffered from blister recurrence after tapering or ceasing corticosteroid.



Conclusion

Most of the clinical aspects of patients with anti-p200 pemphigoid and psoriasis were similar to what was demonstrated in previous articles on anti-p200 pemphigoid. Nevertheless, compared with other anti-p200 pemphigoid cases without psoriasis, a clinical manifestation pattern with more frequent involvement of the trunk and less mucosal involvement was illustrated in those with psoriasis. Generally, monotherapy is sufficient for a complete remission for such patients. However, one or more relapses have been recorded in a considerable portion of patients, especially those prescribed with prednisolone. It reminded us to be more cautious during a tapering of medication.
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Introduction

Anti-p200 pemphigoid, a rare subset of autoimmune bullous disease (AIBD), was initially reported in 1996 by Japanese researchers (1, 2). Autoantibodies against a 200-kDa dermal protein, which is localized in the lower lamina lucida of the basement membrane zone (BMZ), is the defining characteristic of this disease. With 90% of sera from anti-p200 pemphigoid patients showing immunoreactivity to γ-1 chain of laminin, some investigators suggested to rename this disease as anti-laminin γ1 (lamγ1) pemphigoid (3). Due to its rarity and unavailable detective technology in most countries, the prevalence of anti-lamγ1/p200 pemphigoid has not been classified. According to the study conducted by Dainichi et al., a sizable portion of patients with anti-lamγ1 pemphigoid could have been misdiagnosed as epidermolysis bullosa acquisita (EBA) (4). Additionally, in recently published studies, anti-lamγ1 pemphigoid was considered to be the most common floor-binding subepidermal AIBD, of which detection by indirect immunofluorescence (IIF) microscopy on human salt-split skin (SSS) illustrated serum autoantibodies targeting at the dermal side of split (5–7). Moreover, a clear male predominance of approximately 75% of 113 patients with anti-lamγ1 pemphigoid was summarized by Kridin et al. (8, 9). The mean age of anti-lamγ1 pemphigoid patients was 65.5 years (range 5–94) (9), younger than those with bullous pemphigoid (BP).

Anti-lamγ1 pemphigoid patients always present with bullae, urticarial plaques, and occasional pruritus, which may mimic other subepidermal AIBDs, especially BP (10). The mucosal lesion was reported in 20% to 40% of patients (9, 11). Histologically, perilesional biopsy specimen shows a dermal-papillary infiltrate pattern, commonly containing neutrophils, and/or occasionally eosinophils, along the dermo-epidermal junction (3, 8, 11). However, it is insufficient for the differentiation of anti-lamγ1 pemphigoid from other subepidermal AIBDs with the result of histopathology alone (12). Regarding the immunopathological and serologic characterization of anti-lamγ1 pemphigoid, detection of autoantibodies against the 200-kDa dermal protein by immunoblotting (IB) is the golden standard for the diagnosis of anti-lamγ1 pemphigoid. However, the extraction procedure of dermal protein was only available in specific research centers (3). Recently, a novel two-step IB assay was proposed by Solimani et al., which utilized recombinant lam111, recombinant lam411 and purified lamγ1 in place of dermal extractions for the detection of anti-lamγ1 autoantibodies, ulteriorly improved the overall sensitivity to 98.2% (13). This study may provide a new IB mode for detecting anti-lamγ1 pemphigoid, and facilitate the diagnosis of this disease worldwide to a certain degree. Apart from this, several researchers attempted to apply the serration pattern analysis to the classification of AIBDs (7, 14, 15), which remains to be verified in larger populations.

So far, no standard therapeutic approaches for anti-lamγ1 pemphigoid have been defined. Compared to EBA and BP, a more benign course was observed in patients with anti-lamγ1 pemphigoid (11). Britva et al. summarized the treatment strategies administrated to 113 patients. They proposed that approximately 40% of patients experienced a relapsing course, and a combination therapy of oral corticosteroids and immunomodulators was the most commonly adopted treatment strategies for anti-lamγ1 pemphigoid (16).

It is declared that anti-lamγ1 pemphigoid patients often have preexisting psoriasis. According to a recent systemic review, the prevalence of psoriasis in Japanese cases and non-Japanese cases with anti-lamγ1 pemphigoid was 56.0% and 6.4%, respectively (9). Given the close association between anti-lamγ1 pemphigoid and psoriasis, it is rational to suspect the development of anti-lamγ1 pemphigoid in psoriasis patients when bullae are observed. However, the mechanism underlying the frequent coexistence of these two entities and the clinical characteristics of these patients have not yet been well-elucidated. Other complications in anti-lamγ1 pemphigoid patients included malignancy, ulcerative colitis, renal disease, neurological disorders, and several cutaneous diseases (e.g., autosomal recessive congenital ichthyosis, scabies, and acquired perforating dermatosis) (9, 17–22). Interestingly, a parallel disease course was reported in 2 ulcerative colitis patients (17, 20). In this study, we reviewed the available epidemiological, clinical, histological, immunopathological, and therapeutic data of patients diagnosed with psoriasis and anti-lamγ1 pemphigoid, attempting to summarize multiple clinical features of such patients that could help make an earlier diagnosis and perform suitable treatments.



Method

A primary literature review was performed on three separate online databases (PubMed, EMBASE, and Web of Science). We identified eligible articles from database inception to 6 September 2021. We also screened the references of included studies, in order to expand the search scope of literature. An additional literature review on lamγ1 pemphigoid was conducted for a further statistical evaluation on several criteria between the cases with psoriasis and the cases without. The detailed search strategy is included in Supplementary Files 1 and 2.


Selection Criteria

Studies reporting one or more patients with a diagnosis of anti-lamγ1 pemphigoid and psoriasis were all included. Criteria for the diagnosis of anti-lamγ1 pemphigoid were listed below:

(i) clinical manifestation: similar to subepidermal AIBD patients;

(ii) histopathology: a picture of subepidermal blister;

(iii) DIF: a linear IgG and/or C3 deposition pattern along the dermo-epidermal junction;

(iv) IB analysis: a 200-kDa band detected with patients’ sera on human dermal extracts;

(v) exclusion of other subepidermal AIBDs.

It was excluded if the manuscripts were published in the following types: abstracts, conference presentations, editorials, reviews, and expert opinions. Articles in language other than English were ruled out as well. All abstracts were reviewed by reviewers. Only those with full-text documents were ultimately selected for eligibility.



Data Extraction

Two investigators completed data extraction independently. When there was a divergence of opinion, we would discuss this disagreement and settle it by consensus. The following variables were gathered as available: age, sex, location, morphological features, histopathology, immunopathology, comorbidities, therapeutic strategies, length of follow-up, and clinical outcomes.



Data Analysis

It was unfortunate that relevant data regarding characteristics to be analyzed were only available for certain cases. Thus, percentages referred to the total number of patients for whom a specific outcome was available. Analyses were performed on SPSS version 26 (SPSS, Chicago, IL, USA).




Result

A total of 114 studies were identified through the online literature database search. Other sources yielded three additional articles. After the removal of duplicates, 63 remaining manuscripts underwent the screening process for titles and abstracts. During this procedure, irrelevant studies and cases which did not satisfy our inclusion criteria were excluded. Full-text examination was conducted in 45 remaining studies. Eventually, 21 case reports, published between 1996 and 2021, were included in the qualitative synthesis. The Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) flow diagram is presented in Figure 1.




Figure 1 | Flow chart for the process of article screening and selection on three databases.



Table 1 summarized the characteristics of the included cases from the systematic search. Concomitant psoriasis was reported in 26 patients, and 23 of them were described by Japanese researchers. And 93 patients were reported to be diagnosed with anti-lamγ1 pemphigoid without psoriasis, indicating that 21.8% of anti-lamγ1 pemphigoid cases were complicated with psoriasis. Psoriasis vulgaris (PsV, n = 21) was the most prevalent type of psoriasis, followed by pustular psoriasis (PP, n = 4) (23–26) and erythrodermic psoriasis (n = 1, Table 1) (27). Two patients with PP (26, 28) and one with erythrodermic psoriasis (27) had a previous PsV history. Among patients with PP and anti-lamγ1 pemphigoid, blisters appeared in two patients after UV therapy with an interval of three weeks (28) and three years (23) from PP onset, respectively, distinguishing from a general long duration between psoriasis and anti-lamγ1 pemphigoid.


Table 1 | Demographic characteristics of the reported anti-lamγ1 pemphigoid patients complicated with psoriasis.



The male patients (n = 23, 88.5%) outnumbered female ones (n = 3, 11.5%) by 7.7:1 in anti-lamγ1 pemphigoid concomitant psoriasis patients, which suggested a more evident male predilection than patients without psoriasis(2.6:1), and previous research on patients with psoriasis and AIBD (5.7:1) (29). The overall patient age (mean ± SD) at anti-lamγ1 pemphigoid onset was 62.5 ± 12.7 years (range, 31-82 years), and psoriasis onset 47.6 ± 17.1 years (range, 31-82 years). The mean age (mean ± SD) of blister eruption in them was comparable with that in patients without psoriasis (66.7 ± 16.3, P = 0.221) and significantly younger than patients with BP (8). The overall duration (mean ± SD) from psoriasis to the onset of pemphigoid was 15.6 ± 11.1 years (range, 26-81 years), in which eight (42.1%) patients developed pemphigoid during the first decade after the diagnosis of psoriasis. Among the five (23.8%) patients who developed bullous lesions during UV therapy, three were performed with psoralen UVA therapy (23, 30, 31), and two were on the treatment session of narrowband UVB (28, 32). In addition, sudden cession of drugs (25, 26, 33), stress event (34), dipeptidyl peptidase-4 inhibitor (35), and ulcerative colitis (20) could also be possible triggers leading to pemphigoid in psoriasis patients.

Seventeen cases reported the distribution of psoriatic lesions when patients were admitted to the hospital. An entire-body involvement was recorded in seven cases, followed by the distribution of both trunk and extremities (n = 6). Interestingly, one patient had no classical psoriatic appearance, apart from onycholysis of the toe nails (36). For pemphigoid lesions, clinical manifestation of bullae and/or vesicles was reported in all cases (Table 2). 28.6% (6/21) of patients had edematous erythema. 9.5% (2/21) had pustules. 14.3% (3/21) developed scars and/or milia after treatment. The lesion distribution was announced in 19 cases. The trunk was the most commonly involved area (94.7% vs. 67.2% in non-psoriasis patients, P = 0.017), followed by extremities (78.9%), palmoplantar (36.8%), and cephalic (31.6%). Involvement of both trunk and extremities was reported in seven (36.8%) patients. Five (26.3%) patients suffered from cutaneous erosions on the whole body. Two cases had genital involvement, and only one case (10.6%) had oral mucosa involvement, which were lower than those without psoriasis (34.9%; P = 0.010). A slightly lower frequency of mucosal involvement was recorded in concomitant psoriasis compared to non-psoriasis patients (15.8% vs. 38.6%). An infiltrate of both neutrophils and eosinophils in upper dermis was recorded in eight (38.1%) patients, and infiltrate of neutrophils in six (28.6%) patients (Figure 2). Interestingly, two cases (9.5%) reported an infiltrate pattern of lymphocytes, which was absent in the patients without psoriasis (P = 0.036, Table 3).


Table 2 | Clinical manifestation and distribution of lesions in reported cases.






Figure 2 | Histology in patients with anti-p200 pemphigoid and psoriasis. The numbers of patients with different inflammatory cell infiltration were shown. The overlaps of circles indicated that patients were detected with infiltration patterns of mixed inflammatory cells.




Table 3 | Histology feature in reported cases.



Results of DIF and SSS-IIF were demonstrated in 24 cases. DIF showed a linear deposition pattern of IgG and/or C3 along the BMZ in all patients except one with the deposition of IgG alone. On SSS-IIF, an exclusively floor-binding picture was recorded in 18 cases, both roof- and floor-binding pattern in six patients (20, 25, 30, 32, 33, 36). IB analysis showed autoantibodies against the BP180 C-terminal domain alone, BP230 alone slightly, BP260 alone, BP180 and BP230 collectively, and both BP180 and laminin-332 were detected in 2, 2, 1, 1, and 1 patient respectively (20, 25, 30, 32, 33, 36) (Table 4).


Table 4 | Immunopathological and serologic characterization of reported cases.



Treatments for the previous psoriasis were disclosed in 16 patients, with topical corticosteroids most commonly prescribed, apart from the one who was treated with oral prednisolone for the eruption of pustules over her whole body (26). Six patients had a history of UV therapy, but one patient was not on the treatment session at the onset of pemphigoid (33) (Table 5). Among 19 patients who reported therapy strategies leading to first complete remission, six patients were treated with prednisolone (20, 26, 31, 33, 37, 38), three patients cyclosporine (1, 25, 30) and the rest minocycline (30), topical corticosteroids (23), and dapsone (34), respectively, as effective monotherapy. The remaining seven (36.8%) patients were administrated with corticosteroid (orally or topically) and other adjuvant therapies [cyclosporine (28), mycophenolate mofetil (39), plasmapheresis (32, 40), apremilast (35), and intravenous immunoglobulin (IVIG) (36)]. During an average follow-up duration (mean ± SD) of 18.9 ± 11.4 months, all cases demonstrated clinical remission of anti-lamγ1 pemphigoid, with seven patients suffering from at least one relapse of blisters during tapering or ceasing of medication, six of which occurred in systemic prednisolone prescribed cases (Table 6) (20, 26, 31, 33, 38, 40). With respect to psoriasis, nine out of 15 patients (60%) reported a complete remission, while mild psoriatic plaques flared up in five patients (33.3%) during follow-up, which generally responded well with topical corticosteroid.


Table 5 | Therapy strategies for psoriasis before blister formation.




Table 6 | Treatment tactics of reported patients with psoriasis and anti-lamγ1 pemphigoid.





Discussion

This systematic review summarized clinical features and therapeutic strategies utilized in anti-lamγ1 pemphigoid patients with a preceding psoriasis history, most reported from Japan. Even with a mean duration of 15.6 ± 11.1 years (range, 26-81 years), a sizeable portion (42.1%) of patients developed AIBD in the first decade after psoriasis onset. Bullae and vesicles were the predominant clinical manifestation of these patients, coupled with a lower prevalence of mucosal involvement compared with other anti-lamγ1 pemphigoid patients. Autoantibodies against the BMZ antigens other than 200-kDa dermal protein were detected by IB in 33.3% of patients. All the patients have reached a completed remission, with a considerable portion of patients (36.8%) having experienced at least one relapse. Most of the relapses occurred during the tapering course of prednisolone.

This review indicated that 21.8% of anti-lamγ1 pemphigoid cases were complicated with psoriasis, slightly lower than the incidence of 28-48% estimated in previously published literature (9, 41). In this study, the mean interval of the two entities was 15.6 years, which was in line with what was reported by Krindin et al. (29), who illustrated that the average duration from the onset of psoriasis to the development of AIBD was 14.6 years. With the overall prevalence of psoriasis in adults ranging from 0.1% in east Asia to 1.5% in western Europe (42), it could be inferred that an intimate association exists between psoriasis and anti-lamγ1 pemphigoid. PsV was the most common type of psoriasis to be complicated, and quite a fair share of the cases of erythrodermic psoriasis and PP had a prior PsV history. Moreover, four (15.4%) patients had concomitant PP. A previous survey on Japanese psoriasis patients demonstrated that only 137 out of 104,669 patients (1.3%) were diagnosed with PP (43), suggesting a much closer association between PP and anti-lamγ1 pemphigoid.

A quite similar morphology of cutaneous lesions was recorded in anti-lamγ1 pemphigoid patients with or without psoriasis. Bullae/vesicles were the universal clinical manifestation in those patients. Occasionally, erythematous plaques were also recorded. It seemed that pustules could be a specific manifestation in anti-lamγ1 pemphigoid patients complicated with psoriasis. However, it should be derived from concomitant PP rather than anti- lamγ1 pemphigoid. Distinct from other anti- lamγ1 pemphigoid cases, patients with psoriasis always presented with a lesional distribution on the trunk rather than extremities. Furthermore, mucosal lesions were not as universal as those reported in non-psoriasis patients, and those discovered in previous studies on anti-lamγ1 pemphigoid (9, 44, 45). Additionally, unlike a predominantly oral erosion feature in other anti-lamγ1 pemphigoid cases (9, 44), the genital area could be more frequently involved in anti-lamγ1 pemphigoid patients complicated with psoriasis.

Recently, Holtsche et al. conducted a study on serologic characterization of anti-lamγ1 pemphigoid, which indicated that epitope spreading (ES) was detected in 39.2% serum of the patients, including laminin 332, BP180, BP230, and type VII collagen (46). Previous research on psoriasis has also revealed the presence of antibodies targeting laminin 1 and type IV collagen in both uninvolved and involved psoriatic skin (47). Patients with anti-lamγ1 pemphigoid and psoriasis had identical ES ratio (33.3%, by IB analysis) as recorded in previous studies. Despite detection of antibodies against the BMZ protein other than 200 kDa dermal protein or lamγ1, no mucosal involvement (25), rapid response to systemic treatments, and non-scarring resolution of skin lesions (20, 32, 37) are helpful for the exclusion of other AIBDs. Except for one patient with palmoplantar and lower limbs erosions, patients detected with ES phenomenon had an evident entire-body involvement pattern (n=6). However, even with a widespread lesion manifestation, those patients still presented with a benign prognosis. According to studies on ES in BP patients, a parallel association between ES and severity of BP was demonstrated. In contrast, no such explorations have been conducted in anti-lamγ1 pemphigoid patients. In 2012, Monshi et al. (48) conducted a long-term study on the IB result of a patient with anti-lamγ1 pemphigoid and proposed that ES was related to insufficient therapy to pemphigoid or long disease duration.

No standard therapeutic strategies have been defined for anti-lamγ1 pemphigoid (11). Britva et al. indicated that anti-lamγ1 pemphigoid might not be so benign a disease as previously estimated, for 39.6% of patients had a relapsing course, and a sizable portion of patients should be treated with systemic corticosteroid and adjuvant immunomodulatory agents for controlling disease (16). Distinct from anti-lamγ1 pemphigoid cases, a large portion of patients with concomitant psoriasis could reach disease control with monotherapy. Systemic prednisolone was the most common agent, and an average dose of 40~60 mg/d was required for disease control, not as low as expected. A similar recurrence rate (36.8%) was recorded in anti-lamγ1 pemphigoid and psoriasis patients. Moreover, most of the relapses occurred in patients administrated with prednisolone as monotherapy during tapering of medication, for whom a final disease control was reached with an addition of multiple adjuvant therapies. Additionally, limited article implied that a significant portion of patients still had flares of psoriatic lesions after remission of pemphigoid, who were generally treated with topical corticosteroids.

Despite the fact that an intimate association between psoriasis and anti-lamγ1 pemphigoid seems to be inferred, no in vivo or in vitro studies have been conducted to elucidate it. Several hypotheses have been proposed. It has been hypothesized that metalloproteinase-9 (MMP-9) played an essential role in the pathogeneses of anti-lamγ1 pemphigoid (4). In psoriasis patients, overproduction of multiple cytokines, for instance, TNF-α, IL-1, and IFN-γ, was expected to result in an increased expression of MMP-9. Furthermore, MMP-9 released from neutrophils in psoriasis patients could stimulate degradation of laminins (3, 49). As a result, exposure of laminin fragments would induce the production of various autoantibodies targeting the BMZ proteins. Besides, the destruction of BMZ can further promote the development of psoriasis due to increased keratinocyte instability and proliferative tendency (29). Another presumed mechanism is that UV therapy conducted for psoriasis could result in a configuration change of the BMZ protein (29, 50). Washio et al. postulated that the BMZ antigenicity alteration and antigen exposure caused by UV irradiation could decrease the threshold of spontaneous generation of antibodies targeting the BMZ proteins (50). With six of our patients having a history of UV therapy and five of them exactly in the treatment session when there was an eruption of blisters, we should pay special attention to the pathogenesis of UV irritation in anti- lamγ1 pemphigoid patients complicated with psoriasis.

The main limitation of our review is that the data were extracted from case reports or case series. Selection bias could inevitably exist in these articles, and information provided is occasionally brief, scarce, and not comprehensive. For instance, most cases focused on the clinical aspects of anti-lamγ1 pemphigoid. However, records on psoriasis were limited or missing, resulting in enormous difficulties in describing the clinical features of psoriasis. Thus, this study did not describe in detail about the clinical characteristics of psoriasis associated with anti-p200 pemphigoid. Additionally, most cases were reported from Japan (88.5%). However, with only three non-Japanese cases identified during our literature review, it was insufficient to perform a comparison between Japanese and non-Japanese anti-lamγ1 pemphigoid patients to explore the potential factors. Concerning the existence of racial or regional difference in those patients, we speculated that it was because that Japan had the longest research history on anti-lamγ1 pemphigoid and was equipped with a commercially available kit for the detection of autoantibodies targeting at lamγ1. To confirm this assumption, the characteristics of this disease remain to be verified on a worldwide basis. Moreover, most articles did not apply severity scores of psoriasis and AIBD. Consequently, quantified and systematic descriptions of the disease course were unavailable in these patients. Lastly, with no expert consensus on therapeutic strategies for such patients, multiple agents and variable treatment doses were administrated to different ones, making it quite challenging to conduct a transverse comparison among different medication strategies.

In conclusion, this systematic review summarized multiple clinical and therapeutic aspects of patients with anti-lamγ1 pemphigoid and psoriasis. With an average interval of more than ten years, tense blisters could be observed in those patients with preceding psoriasis. Interestingly, the duration of patients with PP could be shorter than those with other types of psoriasis. Compared to other anti-lamγ1 pemphigoids without psoriasis, a more frequent distribution on the trunk and less mucosal involvement were recorded in our review. The majority of these patients could reach clinical remission with monotherapy. However, special attention should be paid during the tapering course of medications in case of blisters recurrence, especially those administrated with prednisolone. Further researches are required to substantiate these findings in other regions and racial groups.
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Introduction

We studied the distribution and in vitro pathogenicity of anti-DSG3 IgG subclasses during the course of pemphigus vulgaris (PV).



Methods

We longitudinally studied the distribution of anti-DSG3 IgG subclasses (before versus after treatment) in sera from PV patients, using an addressable-laser bead immunoassay (ALBIA). The in vitro pathogenicity of corresponding sera was tested using keratinocyte dissociation and immunofluorescence assays.



Results

Sixty-five sera were assessed at baseline (33 from patients treated with rituximab and 32 with corticosteroids). Sixty-three percent of these baseline sera contained 2 or more anti-DSG3 IgG subclasses versus 35.7% of sera from patients in complete remission (CR) and 75.0% of sera from patients with persistent disease activity after treatment. IgG4 was the most frequently detected anti-DSG3 IgG subclass, both in patients with disease activity and in those in CR. The presence of three or more anti-DSG3 IgG subclasses was predictive of relapse, in particular when it included IgG3, with a positive predictive value of 62.5% and a negative predictive value of 92%. While anti-DSG3 IgG4 Abs from sera collected before treatment were most often pathogenic, anti-DSG3 IgG4 from sera collected after treatment were pathogenic only after adjusting their titer to the one measured before treatment. The IgG3 fraction containing anti-DSG3 Abs also had an in vitro pathogenic effect. The disappearance of the pathogenic effect of some sera after removal of anti-DSG3 IgG3 suggested an additional effect of this IgG subclass.



Conclusion

The serum levels and number of anti-DSG3 IgG subclasses drive the pathogenic effect of pemphigus sera and may predict the occurrence of relapses.
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Introduction

Pemphigus vulgaris (PV) is a potentially life-threatening autoimmune blistering disease caused by IgG autoantibodies (Abs) directed against desmoglein (DSG) 1 and DSG3 (1). The amount of IgG of anti-DSG Abs impairs desmosomal function. Moreover, recent data indicate that Abs engage signaling pathways interfering with different steps of desmosome turnover (2).

Clinically, the initial severity of pemphigus foliaceus (PF) and PV is correlated with anti-DSG1 and anti-DSG3 Ab serum levels, respectively (3–5). Moreover, the evolution of anti-DSG1 Abs, and to a lesser degree anti-DSG3 Abs, can predict the evolution of disease activity (6, 7). Indeed, while a re-increase or persistent high levels of anti-DSG1 Abs are closely correlated with the occurrence of skin relapses, anti-DSG3 Abs are less specific. In particular, anti-DSG3 Abs can occasionally be observed in some PV patients in clinical remission (5, 6, 8–11).

A preferential use of certain IgG subclasses has been identified in pemphigus patients. Classically, anti-DSG3 IgG4 Abs are predominantly found in PV sera from patients with active disease, followed by IgG1, and occasionally IgG2 and IgG3 (12–16). In humans, the IgG4 subclass is the smallest IgG fraction (<5%) and has paradoxically weak complement activation properties (17). The pathogenic effect of anti-DSG IgG4 Abs has been demonstrated in a PV mouse model (18), as well as in in vitro assays (19). Additionally, it has been demonstrated that anti-DSG IgG1 may also contribute to the pathogenic effect of pemphigus sera (20). Finally, the potential pathogenic effect of anti-DSG IgG2 and IgG3 subclasses has never been assessed in pemphigus.

The evolution of anti-DSG IgG subclasses according to patients’ clinical status has provided controversial results in the literature. While some studies reported a switch from IgG4 to IgG1 in patients in clinical remission (8, 21, 22), other studies did not find such results (16, 23).

We hypothesized that the level and distribution of anti-DSG3 IgG subclasses during the course of pemphigus may be implicated in the persistence of disease activity or achievement of clinical remission and might explain the paradoxical persistence of anti-DSG3 Abs in some patients in sustained clinical remission. Thus, we studied the distribution and the evolution of anti-DSG3 IgG subclasses in patients with PV using an addressable laser bead immuno assay (ALBIA) and correlated the distribution of anti-DSG3 IgG subclasses with the clinical course of patients included in the Ritux 3 trial. Finally, we analyzed the in vitro pathogenicity of corresponding sera using keratinocyte dissociation and immunofluorescence assays.



Patients and Methods


Population of Patients

We analyzed the sera from 33 and 32 PV patients assigned to the rituximab (RTX) and standard corticosteroid (CS) arms of the Ritux 3 trial, respectively, and for whom serum samples were available at baseline (24).

The longitudinal analysis was performed in 33 of these 65 PV patients (16 treated with RTX and 17 treated with CS) corresponding to those who had persistent anti-DSG3 Abs during the course of their disease as measured using the EUROIMMUN ELISA assay, whether or not they relapsed. Additionally, sera from 36 healthy donors (HD), 6 PF, 9 bullous pemphigoid (BP), and 5 PV patients with negative anti-DSG3 Abs after RTX treatment were used as negative controls.



ALBIA of Anti-Dsg3 Abs and Their Subclasses

Sera from patients were analyzed before treatment at baseline, after treatment, and at the time of relapse, if applicable. To detect and quantify anti-DSG3 Ab IgG subclasses, we developed an ALBIA-DSG3, which consisted of coupling human recombinant DSG3 protein to fluorescent beads (LiquiChip Ni-NTA Beads; Qiagen, Hilden, Germany) according to the manufacturer’s protocol. To determine the isotype of serum anti-DSG3 Abs, DSG3-coated beads were incubated with sera diluted at 1:150, then incubated with anti-IgG1 (1:125), anti-IgG2 (1:125), anti-IgG3 (1:200), or anti-IgG4 (1:200) biotinylated secondary antibody (SouthernBiotech, Birmingham, AL, USA), and finally with streptavidin–R-phycoerythrin (Qiagen). The mean fluorescence intensity (MFI) was determined on a Bio-Plex apparatus using Manager software version 4.0 (Bio-Rad, Hercules, CA, USA). Negative control with no serum and positive control [anti-DSG3 Calibrator of ELISA kit (EUROIMMUN)] were included in every assay. The anti-DSG3 Ab serum levels were determined with the formula (MFIserum/MFICalibrator) × 100, in which the calibrator was the anti-DSG3-positive control previously mentioned that was used on every 96-well plate and set arbitrarily to 100 arbitrary units (AU). For each isotype, we considered a positivity threshold corresponding to + 3 standard deviations relative to the mean value obtained from the sera of 36 HD.



IgG Purification With ÄKTA-Start

Purification of IgG was performed by affinity chromatography, using ÄKTA-Start. The HiTrap Protein G column (GE Healthcare, Chicago, IL, USA) was equilibrated with 10 ml of phosphate-buffered saline (PBS) 1×, at pH 7.4. The 1/5 pre-diluted sera were added and IgG were eluted using glycine buffer 0.1 M, pH 2.7, followed by neutralization with 1 M Tris pH 9. Analyses were performed using UNICORN 7.0 software to collect IgG-containing fractions. Purified IgG were quantified using the BCA Protein Assay Kit (Pierce™, Rockford, IL, USA) according to the manufacturer’s instructions.



Purification of IgG3

IgG3 purification was performed using the CaptureSelect™ IgG3 (Hu) Affinity Matrix (Thermo Scientific™, Rockford, IL, USA). The IgG3 column was equilibrated with 10 ml of phosphate-buffered saline (PBS) 1×, at pH 7.4. The 1/10 pre-diluted purified IgG were added, and flow without IgG3 was collected. IgG3 were then eluted using glycine buffer 0.1 M, pH 3, followed by neutralization with 1 M Tris pH 9. Purified IgG3 and flow without IgG3 were quantified using the BCA Protein Assay Kit (Pierce™) according to the manufacturer’s instructions.



Keratinocyte Dissociation Assay

HaCaT cells were cultivated in 24-well plates with 600,000 cells per well in DMEM + GlutaMAX (Gibco, Grand Island, NY, USA) containing 1 mM CaCl2 in a humidified and controlled atmosphere (5% CO2) at 37°C. Twenty-four hours after reaching confluency, positive control AK23 (10 µg/ml), HD IgG (62.5 µg/ml), PV IgG (62.5 µg/ml), or IgG-depleted fractions collected from IgG-specific affinity purification (62.5 µg/ml) were added and incubated for 24 h. The amount of purified IgG used for the keratinocyte dissociation test of PV patients in CR whose sera contained only the anti-Dsg3 IgG4 subclass (before and after treatment) was adjusted to the level of anti-DSG3 Abs measured in the sera collected at baseline from the corresponding patients by a cross multiplication. Subsequently, the cells were treated with dispase solution (2.4 U/ml; Sigma-Aldrich, St. Louis, MO, USA) at 37°C until monolayers were released from plates. Monolayers were stained with crystal violet (Sigma-Aldrich) and subjected to mechanical stress by vigorously pipetting 7 times with a 1-ml pipette. Cell fragments were fixed, photos were taken from each well, and cell fragments were counted manually. All experiments were performed in triplicate.



Immunofluorescence Assays

HaCaT cells were cultivated on 4-chamber Lab-Tek with 50,000 cells per cm2 in DMEM + GlutaMAX (Gibco) containing 10% fetal bovine serum and 1 mM CaCl2 per chamber until they reached at least 75% confluency. Cells were washed and incubated for 20 h with 62.5 µg/ml of HD IgG, PV IgG, or IgG-depleted fractions collected from IgG-specific affinity purification. Then, cells were fixed with 100% ethanol for 10 min, permeabilized with 0.3% Triton for 10 min, and washed after each step. Rat serum diluted at 1% was used for blocking. Cells were then incubated with a primary rabbit antibody anti-DSG3 coupled to Alexa-Fluor® 647 (Santa Cruz, Dallas, TX, USA) for 90 min in the dark under slow agitation. Cells were finally washed and dried for 15 min, and one drop of mounting medium with DAPI (Invitrogen, Carlsbad, CA, USA) was added per condition. Photos were taken using a multiphoton confocal microscope Leica TCS SP8.



Statistical Analyses

All statistical analyses were performed using GraphPad Prism (GraphPad Software, La Jolla, CA, USA). Determination of specificity and sensitivity of anti-DSG3 ALBIA and comparison of frequencies of anti-DSG3 subclasses were assessed using Fisher's exact test. Correlations were assessed using Pearson’s rank correlation coefficient. The numbers of anti-DSG3 IgG subclasses in relasping versus non-relapsing patients and the mean anti-DSG3 IgG4 serum level in patients with persistent active disease versus those in CR were compared using unpaired t-test. In PV patients with exclusively anti-DSG3 IgG4 Abs, the level of anti-DSG3 IgG4 at baseline and during the evolution was compared using a paired t-test. Differences were considered significant when p < 0.05.




Results


Patients and Times of Serological Assessment

Sera from 65 patients were tested at baseline (33 treated with RTX and 32 treated with CS) (Figure 1).




Figure 1 | Flowchart of the study. CS, corticosteroids; DSG3, desmoglein 3; RTX, rituximab.



A relapse occurred in 7 of 33 (21.2%) patients treated with RTX and in 20 of 32 (62.5%) treated with CS. The 7 patients who relapsed in the RTX group relapsed before Month 12 and were retreated with additional infusions of RTX. All of them were in complete remission (CR) at the Month 36 evaluation.

The distribution of anti-DSG3 IgG subclasses after treatment was performed in 2 subgroups of patients: i) those who relapsed or had persistent disease activity and ii) those who had a sustained CR. These latter patients were selected from the whole group of patients in CR after treatment on the fact that they had persistent positive serum anti-DSG3 Abs by ELISA, allowing to assess the distribution of anti-DSG3 Abs after treatment. Seventeen patients had a persistent disease activity after treatment, including the 7 patients who relapsed early after RTX, and 10 out of the 20 patients who relapsed after CS treatment.

The same serological analyses were performed at Month 36 after the start of treatment in 16 patients in sustained CR, including 7 treated with CS and 9 with RTX.



Validation of the Anti-DSG3 ALBIA

We first assessed the specificity and sensitivity of our ALBIA for the detection of anti-DSG3 IgG subclasses. For this, we compared anti-DSG3 ALBIA performed with anti-DSG3 Abs containing sera from 65 PV patients with 56 control sera (36 HD, 6 PF, 5 PV with negative anti-DSG3 Abs after RTX treatment, and 9 BP). Our ALBIA had 92.31% sensitivity and 85.71% specificity for the detection of anti-DSG3 Abs (Table 1).


Table 1 | Contingency table for determination of specificity and sensitivity of anti-Dsg3 ALBIA.



Since IgG1 and IgG4 are the main anti-DSG3 IgG subclasses, we then correlated anti-DSG3 IgG1 and IgG4 serum levels measured by ALBIA with anti-DSG3 Ab serum levels measured by ELISA in sera from the same patients with active disease. A high correlation was observed for both IgG1 (r = 0.60, p < 0.0001) and IgG4 (r = 0.55, p < 0.0001) anti-DSG3 Abs (Figure 2).




Figure 2 | Diagnostic value of ALBIA in comparison with ELISA anti-DSG3 results in pemphigus patients at baseline (n = 65). Correlation between ELISA anti-DSG3 IgG and ALBIA anti-DSG3 IgG1 (A) or IgG4 (B) values was assessed using Pearson’s rank correlation coefficient. ALBIA, addressable laser bead immunoassay; AU, arbitrary units; DSG3, desmoglein 3; ELISA, enzyme-linked immunosorbent assay; IU, international unit.





Distribution of Anti-DSG3 IgG Subclasses in PV Patients Before Treatment (Onset of Disease)

At baseline, anti-DSG3 IgG4 and IgG1 were detected in 90.8% and 40.0% of sera, respectively, whereas IgG2 and IgG3 were both detected in 26.2% of sera (Figure 3A).




Figure 3 | Distribution of anti-desmoglein 3 (DSG3) IgG subclasses from pemphigus patients with active disease (before treatment) and after treatment in patients with or without disease activity. (A) Distribution of anti-DSG3 IgG subclasses in the 65 pemphigus vulgaris (PV) patients with active disease at baseline. No anti-Dsg3 IgG subclasses were detected in 5 of these 65 patients (number shown outside). Among these 60 sera with positive ALBIA, 38 (63.3%) contained at least 2 or more anti-DSG3 IgG subclasses, while 22 (36.7%) sera contained only one anti-DSG3 IgG subclass (IgG4 in all cases). (B) Distribution of anti-DSG3 IgG subclasses in the 17 PV patients with persistent disease activity. No anti-Dsg3 IgG subclasses were detected in 1 of these 17 patients (number shown outside). Among these 16 sera with positive ALBIA, 12 sera (75.0%) still contained at least 2 or more anti-DSG3 IgG subclasses, while only 4 sera (25%) contained only one anti-DSG3 IgG subclass (IgG4 in all cases). (C) Distribution of anti-DSG3 IgG subclasses in the 16 PV patients in complete remission at Month 36. No anti-Dsg3 IgG subclasses were detected in 2 of these 16 patients (number shown outside). Among these 14 sera with positive ALBIA, only 5 sera (35.7%) still contained at least 2 or more anti-DSG3 IgG subclasses, while 9 sera (64.3%) contained only one anti-DSG3 IgG subclass (IgG4 in all but one case).



Among the 60 patients with positive ALBIA, the most frequently detected isotypes of anti-DSG3 Abs were IgG4 either alone (36.7%) or most often combined with IgG1 (16.7%), IgG2 (8.3%), and IgG3 (10.0%). The combination of 3 or 4 IgG subclasses of anti-DSG3 Abs (including IgG4 in all cases) was observed in 26.6% of sera. Only one serum (1.7%) did not contain anti-DSG3 IgG4 Abs (Figure 3A).



Evolution of the Distribution of Anti-DSG3 IgG Subclasses After Treatment

Among the patients with positive ALBIA, most sera (64.3%) from patients in CR contained only one anti-DSG3 IgG subclass (corresponding to IgG4 in all but one case), as compared with 25.0% of sera from patients with persistent disease activity, and 36.7% of baseline sera (Figure 3). In contrast, 35.7% of sera from patients in CR contained at least 2 or more anti-DSG3 IgG subclasses, as compared with 75.0% of sera from patients with persistent active disease and 63.3% of baseline sera (Figures 3B, C).



Baseline Anti-DSG3 IgG Subclass Diversity as a Predictive Factor of Relapse

Since RTX is approved as a first-line treatment for pemphigus, we assessed whether the number and the isotypes of anti-DSG3 IgG subclasses in sera from patients at the onset of pemphigus might predict the occurrence of relapses under treatment or after treatment withdrawal.

The mean number of anti-DSG3 IgG subclasses in the baseline sera was higher in patients who further relapsed than in patients who maintained a sustained clinical remission (2.6 ± 0.8 vs. 1.5 ± 0.9; p = 0.01) (Figure 4A). In particular, 5 of the 7 (71.4%) patients who relapsed had 3 or more anti-DSG3 IgG subclasses in their baseline serum versus 3 of the 26 (11.5%) patients who maintained a prolonged remission (p = 0.004), corresponding to a positive predictive value of 62.5% (95% CI 0.31–0.86) and a negative predictive value of 92% (95% CI 0.75–0.99) for the occurrence of relapses (Figures 4B, C).




Figure 4 | The number of anti-desmoglein 3 (DSG3) IgG subclasses as well as the presence of anti-DSG3 IgG3 in pemphigus vulgaris (PV) patients at baseline are associated with early relapse after rituximab (RTX) treatment. In the 33 PV patients treated by RTX, the distribution of anti-DSG3 IgG subclasses in the 26 non-relapsing (NR) (A) compared to the 7 early relapsing patients (RP) (B) show that RP have more IgG subclasses (p < 0.01) (C) and have a higher frequency of IgG3 than NR patients (71% vs. 12%; p = 0.004). No anti-Dsg3 IgG subclasses were detected in 2 of the 26 non-relapsing patients (number shown outside). Mean ± SEM were compared using unpaired t-test. Frequencies of anti-DSG3 subclasses were compared using Fisher’s exact test, **p < 0.01.



Moreover, the occurrence of relapses was particularly frequent in patients whose baseline serum contained anti-DSG3 IgG3 Abs, since the baseline sera from 5 of the 7 relapsing patients (71.4%) contained anti-DSG3 IgG3 Abs versus 3 out of the 26 sera from non-relapsing patients (11.5%, p = 0.004) (Figures 4B, C).

The distribution of the other anti-DSG3 IgG subclasses (IgG1, IgG2, and IgG4) was not associated with the occurrence of relapse (p > 0.99, p = 0.39, and p = 0.58).



Demonstration of the Pathogenic Activity of Anti-DSG3 IgG3 and IgG4 Subclasses

Among the 16 patients who had exclusive anti-DSG3 IgG4 at baseline and did not further relapse, we selected 4 patients in sustained CR whose serum still contained anti-DSG3 IgG4. Figure 5A shows the decrease of anti-DSG3 IgG4 serum levels from these 4 patients (identified in red) relative to the 12 other sera which did not contain anti-DSG3 Abs anymore after treatment.




Figure 5 | Pathogenicity of IgG3 and IgG4 anti-desmoglein 3 (DSG3) autoantibodies in pemphigus patients by keratinocyte dissociation and immunofluorescence assays. (A) IgG4 anti-DSG3 level (AU) were significantly decreased after remission (in RTX and CS groups) in pemphigus patients who had IgG4 only at baseline (n = 16) (p < 0.01). The four patients who still contained anti-DSG3 IgG4 after treatment are identified in red. The cutoff values are indicated as horizontal dotted lines and determined by the mean + 3 standard deviation (SD) of HD. Means were compared using paired t-test. (B) In patients whose sera contained exclusively anti-DSG3 IgG4 subclass after treatment, the mean anti-DSG3 IgG4 serum level in patients with persistent active disease was higher than in those in CR. Mean ± SEM were compared using unpaired t-test. (C) HaCaT cells pre-incubated for 24 h with positive control (AK23) or purified IgG of healthy donor (negative control) or PV patients with anti-DSG3 IgG4 only or (D) anti-DSG3 IgG3 and IgG4 were dissociated from the plate with dispase and the monolayers were mechanically disrupted. (E) HaCaT keratinocytes immunostaining incubated with purified IgG from a HD and from the patient’ IgG collected at the time of CR showed a linear labelling of DSG3 on the HaCaT cell plasma membrane. In contrast, the baseline purified IgG fraction induced the disappearance of the DSG3 labelling. Finally, removing the IgG3 fraction from the baseline patients’ serum led to the reappearance of the DSG3 staining, with a labelling close to that observed with control sera from HD, while the IgG3 fraction induced the disappearance of the DSG3 labelling. *p < 0.05; **p < 0.01.



Interestingly, in patients whose sera contained anti-DSG3 IgG4 exclusively after treatment, the mean anti-DSG3 IgG4 Ab serum level in patients with persistent active disease was higher than in patients in CR (19.70 ± 13.26 AU versus 6.30 ± 6.06 AU; p = 0.044) (Figure 5B).

In agreement with this observation, Figure 5C shows that the serum collected at baseline (containing 98.2 AU of anti-DSG3 IgG4 by ALBIA) induced a strong keratinocyte dissociation, whereas the serum from the same patient collected at the time of CR (containing 1.0 AU of anti-DSG3 IgG4) did not induce a keratinocyte dissociation anymore. Interestingly, this latter serum recovered its pathogenic activity in keratinocyte dissociation assay after adjustment of the IgG4 level to the one at baseline (Figure 5C). In order to exclude the possible role of non-desmoglein Abs whose concentration could also have been increased after adjustment of the anti-DSG3 IgG titer, we previously checked that the sera collected from this patient both at baseline and at the time of CR did not contain anti-Dsc3 (desmocollin 3), anti-SPCA1 (secretory pathway Ca2+/Mn2+-ATPase isoform 1), or anti-CHRM3 (cholinergic receptor muscarinic 3) Abs, which have been reported to be involved in the pathogenicity of pemphigus patients (25, 26). These findings thus suggested that anti-DSG3 IgG4 collected at the time of CR were pathogenic, but the amount of antibody was not sufficient to induce in vitro keratinocyte dissociation.

We then tested a serum which contained at baseline a combination of anti-DSG3 IgG3 and IgG4 at rather low levels (IgG3: 16.5 AU; IgG4: 10.8 AU) and contained only IgG4 at the time of CR after treatment (6.4 AU). Purified IgG from the baseline serum but not from the serum collected at the time of CR induced a keratinocyte dissociation, while both sera contained rather close levels of anti-DSG3 IgG4 Abs (10.8 AU and 6.4 AU, respectively). Interestingly, when removing IgG3 Abs from the baseline serum, the purified IgG did not induce a keratinocyte dissociation anymore, whereas the purified IgG3 fraction alone did (Figure 5D), suggesting the role of the anti-DSG3 IgG3 subclass in the pathogenic activity of this patient’ serum, in addition to IgG4.

We then tested this latter serum using an immunofluorescence assay to further assess its pathogenic activity. Figure 5E shows that, in contrast with the purified IgG from a HD and from the patient’ IgG collected at the time of CR which both showed a linear labeling of DSG3 on the HaCaT cell plasma membrane, the baseline purified IgG fraction which contained a combination of anti-DSG3 IgG3 and IgG4 induced the disappearance of the DSG3 labeling, confirming the pathogenic activity of this baseline serum. Finally, removing the IgG3 fraction from the baseline patients’ serum led to the reappearance of the DSG3 staining, with a labeling close to that observed with control sera from HD, while the IgG3 fraction induced the disappearance of the DSG3 labeling (Figure 5E).




Discussion

This study shows that while anti-DSG3 IgG4 were detected in more than 90% of pemphigus sera at baseline, this IgG4 subclass was also present in sera from all but one patient in sustained CR who still had positive circulating anti-DSG3 Abs. The main evolution in anti-DSG3 IgG subclasses that we observed during the follow-up of patients is that while 61% of sera collected at the onset of disease and 75% of sera from relapsing patients contained two or more IgG subclasses (including IgG1, IgG2, and IgG3 in 40%, 26%, and 26% of sera, respectively), in contrast, 64.3% of sera collected in patients in CR had only one anti-DSG3 IgG subclass, mainly corresponding to IgG4.

It has been suggested that the absence of pathogenic activity of pemphigus sera, which still contained anti-DSG3 Abs, was related to a switch of anti-DSG3 IgG subclasses from IgG4 to IgG1 (8, 21). We did not observe such an evolution, since anti-DSG3 IgG4 Abs were the exclusive IgG subclass (with no other anti-DSG3 IgG subclass) detected in the majority of sera (57.1%) from patients in CR. In contrast, we observed a close correlation between the clinical status (active disease versus remission) and the level of anti-DSG3 IgG4 Abs, whose mean level was 5.56 AU in patients in CR versus 19.70 AU in patients with persistent active disease (p = 0.026), suggesting that the level of anti-DSG3 IgG4 Abs rather than a switch in anti-DSG3 IgG subclasses is involved in disease activity (27–29). In accordance with these findings, we showed that the in vitro pathogenic activity of sera collected in patients in CR, which exclusively contained anti-DSG3 IgG4, was highly dependent upon the level of anti-DSG3 IgG4. In particular, we showed that the adjustment of anti-DSG3 IgG4 level to the one at baseline restored the pathogenic activity of a serum collected in a patient in CR, as recently reported (30). This observation might explain the persistence of anti-DSG3 Abs in some patients in CR, and the poor specificity (between serum level and disease activity) of DSG3 ELISA assays (6, 11). Nevertheless, although we confirmed that the patient serum did not contain anti-Dsc3, anti-SPCA1, or anti-CHRM3 Abs (which have been reported to be involved in the pathogenicity of pemphigus serum (25, 26)), we cannot completely exclude that the adjustment of the anti-DSG3 IgG4 titers could have induced an increased concentration of other pathogenic non-DSG Abs.

It is likely that the combination of multiple anti-DSG3 IgG subclasses may be involved in the pathogenic activity of patients’ sera. This is first suggested by the fact that most sera (63.3%) collected at the onset of pemphigus or in patients with persistent disease activity under treatment (75%) contained two or more anti-DSG3 IgG subclasses, while on the contrary, most sera (64.3%) from patients in CR contained only one anti-DSG3 IgG subclass (corresponding to IgG4 in all but one case). In addition, we showed that a baseline serum, which contained both anti-DSG3 IgG3 and IgG4 Abs, induced a keratinocyte dissociation, whereas a serum collected in the same patient in CR, which contained exclusively anti-DSG3 IgG4 at a level close to that at baseline, had no pathogenic activity. The persistence of a high number of anti-Dsg3 IgG subclasses in patients with persistent disease activity could be related to inadequate depletion of plasma cell populations expressing various isotypes and thus Abs directed against multiple epitopes. We previously showed that RTX induced a significant decrease of IgG-switched DSG-specific and non-specific memory B cells, and a disappearance of anti-DSG antibody-secreting cells, which were no longer detected in patients in complete remission after RTX. In contrast, CS did not modify the frequency or the phenotype of DSG-specific and non-specific memory B cells, and anti-DSG antibody-secreting cells were still detected after treatment, even in patients in remission (31). These findings are in agreement with the evolution of the distribution of anti-DSG3 IgG subclasses that we observed after RTX and CS treatment.

In accordance with the high clinical activity of RTX compared to a standard CS regimen, we observed a 1.6-fold decrease in the mean number of anti-DSG3 IgG subclasses from 1.8 at the onset of disease to 1.1 in patients treated with RTX, whereas the number of anti-DSG3 IgG subclasses did not change much in patients treated with the standard CS regimen (1.9 versus 1.7).

As a result of these previous findings, we assessed whether the number of anti-DSG3 IgG subclasses and their isotypes in baseline sera might predict the occurrence of persistent disease activity or relapse under treatment. We observed that the mean number of anti-DSG3 IgG subclasses in the baseline sera was higher in patients who further relapsed than in patients who maintained a sustained remission (2.6 ± 0.8 vs. 1.5 ± 0.9; p = 0.01), corresponding to a positive predictive value of 62.5% and a negative predictive value of 92%. Interestingly, relapses were particularly frequent in patients whose baseline serum contained anti-DSG3 IgG3 Abs, since anti-DSG3 IgG3 Abs were detected at baseline in sera from 71.4% of patients who further relapsed, as compared with 11.5% of patients who maintained CR (p = 0.004). In accordance with these findings, we showed that the IgG3 fraction had an in vitro pathogenic effect, and that its removal from the baseline serum, which contained a rather low level of anti-DSG3 IgG4, removed the pathogenic activity of this serum.

Overall, our findings should help physicians in the management of pemphigus patients. Indeed, taking into account the isotype(s) of anti-DSG3 IgG subclasses might help physicians to better predict the patients with a high risk of relapse. Our findings also raise the question of the epitopes recognized by the different IgG subclasses on the DSG3 protein. In particular, it might be hypothesized that the different anti-DSG3 IgG subclasses might target different epitopes on DSG3, thus promoting the pathogenicity of anti-DSG3 Abs, as suggested by Cho et al. (10).
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Collagen VII is the main constituent of the anchoring fibrils, important adhesive structures that attach the epidermis to the dermal extracellular matrix. Two disorders are caused by dysfunction of collagen VII, both characterized by skin and mucosa fragility, epidermolysis bullosa acquisita (EBA) and dystrophic epidermolysis bullosa (DEB). EBA and DEB share high clinical similarities with significant difference in patients’ age of onset and pathogenesis. Our patients presented with severe and recalcitrant mechanobullous EBA with characteristic DIF, IIF and ELISA diagnostics. But in both women recessive COL7A1 variants were also found, in a monoallelic state. Collagen VII from EBA keratinocytes of our cases was significantly more vulnerable to proteolytic degradation than control keratinocytes, hinting that the heterozygous pathogenic variants were sufficient to destabilize the molecule in vitro. Thus, even if the amount and functionality of mutant and normal type VII collagen polypeptides is sufficient to assure dermal-epidermal adhesion in healthy individuals, the functionally-impaired proteins are probably more prone to development of autoantibodies against them. Our work suggests that testing for COL7A1 genetic variants should be considered in patients with EBA, which either have a patient history hinting towards underlying dystrophic epidermolysis bullosa or pose therapeutic challenges.
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Introduction

Collagen VII is the main constituent of the anchoring fibrils, important adhesive structures that attach the epidermis to the dermal extracellular matrix (1). Structurally, it is formed by three identical alpha-chains consisting of a collagenous triple helix and the non-collagenous (NC) domains NC1 and NC2 (1). In the skin, it is produced by keratinocytes and papillary dermal fibroblasts and deposited at the dermo-epidermal junction zone (DEJZ) (2). In addition to the skin, collagen VII is also highly expressed in the oral cavity and oesophagus (2).

Two disorders are caused by dysfunction of collagen VII, both characterized by skin and mucosa fragility. In epidermolysis bullosa acquisita (EBA) reactivity of circulating and tissue bound IgG or IgA autoantibodies to collagen VII induces a structural detachment of the anchoring fibrils from the sublamina densa to the basement membrane zone (3). In contrast, the genetic disorder dystrophic epidermolysis bullosa (DEB) is caused by loss-of-function mutations in the gene encoding collagen VII (COL7A1) (2). These disorders share high clinical similarities. Patients of both disease groups develop chronic wounds in trauma-prone sites, have mucosal involvement associated with irreversible scarring of the affected areas and are prone to hair and nail loss. While in EBA the disease onset is usually in adulthood, in DEB skin blistering manifests primarily in neonatal age or early childhood (4).

Specifically, IgG autoantibodies in EBA have been shown to bind mainly to the NC1 domain of collagen VII; fewer patients show reactivity to either the collagenous domain or NC2 (5). The diagnosis is based on direct immunofluorescence (DIF) testing with u-serrated staining of IgG and/or IgA and C3 at the basement membrane zone, dermal staining of IgG and/or IgA in indirect immunofluorescence on salt split skin (ss-IIF) and detection of anti-collagen VII IgG autoantibodies by ELISA or immunoblot (3). Two commercial ELISA systems are available for standardized testing, with different sensitivity due to detection of autoantibodies against both the NC1/NC2 versus only NC1 domains (6).

A susceptibility locus, HLA-DR2, -DRB1*15:03, has been reported, accelerating the loss of tolerance by the affected person’s immune status (7). Furthermore, autoreactive collagen VII specific T-cells are required for induction of the disease, as reproduced in different animal models (8, 9). Treatment appears to be challenging especially in the mechanobullous form of the disease, since it has been reported to be resistant to oral immunosuppressants (5). Here we describe two women with severe mechanobullous recalcitrant EBA, summarizing the challenges in their diagnostic work up and treatment options.



Case Description


Case 1

A 38-year old female was referred to our skin fragility center in Freiburg. The patient presented with a 10-year history of progressive skin fragility after her second pregnancy in 2008. She showed chronic blistering and scarring with severe involvement of skin, ocular, oral, esophageal and genital mucous membranes, nails and hair (Figure 1A). EBA or DEB was suspected for several years, since the autoimmune diagnostic was inconclusive. Past therapies initiated by different dermatologic specialists, including systemic glucocorticoids combined with chloroquine, azathioprine or mycophenolate mofetil, were unsuccessful. The detailed family history was unremarkable. The patient was otherwise healthy and had never taken any medication.




Figure 1 | Clinical manifestations in both cases. (A) Clinical presentation of case 1 with blisters, erosions and scaring of her back, tongue, scarring alopecia, chest and nail dystrophy/loss presented at her left foot. (B) Case 2 shows similar lesions on her skin, mucous membranes (mouth and esophagus), as well as progressive scarring and milia on the backs of the hands. The finger nails are intact.



We started intensive topical treatment and 2 x 1000 mg of rituximab with subsequently monthly intravenous immunoglobin (IVIG) infusions. This regime had a stabilizing effect of her severely scarring skin condition with less blistering and fewer dressings, that allowed an occupational reintegration and active participation in daily life.



Case 2

At admission, a 67-year old female reported that her first symptoms had occurred six months prior with blistering on the skin and mucous membranes, and dysphagia (Figure 1B). After diagnosing EBA, two cycles of high dose steroids combined with azathioprine (1.5 mg/kg) had to be stopped due to side effects (drug-induced liver injury). Another high dose steroid pulse was stopped due to complicating zoster oticus with acute and irreversible hearing loss. After admission to our department, treatments followed with long-term prednisolone at a dose between 70mg (1 mg/kg) tapered to 10mg, two cycles of rituximab (2 x 1000mg) and two cycles of intravenous immunoglobulins (IVIGs), combined with intensive topical treatment and wound care over 10 months. Due to constant recurrences, immune adsorption (IA) combined with prednisolone and mycophenolate mofetil was initiated, leading to partial clinical regression. Since the beginning of the first symptoms the patient experienced undulating fever up to 39.6°C, mostly connected to disease flaire-ups. Initially, no underlying neoplasia was identified, but around 1.5 years after diagnosis of EBA, a monoclonal gammopathy of unknown significance (MGUS) was identified, not requiring treatment. Rituximab cycles were poorly tolerated by our patient and IA led to septic thromboembolism requiring anticoagulation therapy in one course and bacterial septicaemia in two further treatments. Intravenously antibiotics had to be administrated to recover from these complications.




Diagnostic Assessment

In case 1, diagnostics revealed linear IgG deposits in DIF (Figure 2A), positive dermal stained ss-IIF, while ELISA diagnostics against the NC1 domain remained negative over years, hindering correct diagnosis (Euroimmun® < 1 ratio; ratio > 1 considered positive). We added ELISA diagnostics with anti-collagen VII IgG recognizing both NC1/NC2 domains, which was then positive (MBL® 45 U/ml; cut off >5 U/ml positive). Due to her severe clinical manifestations with scarring alopecia, enamel defects, nail dystrophy and esophageal webbing, a coexistent hereditary EB was suspected and an immunofluorescence mapping performed (10). It revealed a dermal blister with no obvious reduction in collagen VII (as shown by staining with an NC1 domain-directed antibody in Figure 2B). It is known that for collagen VII variants with slightly lower functionality, collagen VII expression at the DEJZ may not be affected, thus next generation sequencing EB gene panel analysis was performed as described before (11). The genetic variant c.7715G>T, p.Gly2572Val was found in the COL7A1 gene in a heterozygous state. This variant is not reported in the Genome Aggregation Database v3.1.2, it substitutes a glycine in the Gly-X-Y repeat of the collagenous domain and is predicted to be pathogenic (Mutation Taster score 0.99; Polyphen2 score 1). Its pathogenic effect in a monoallelic state remains questionable, since it was also detected in the unaffected patient’s father. Glycine substitution in the distal collagenous domain affecting residues 2557 to 2590 have been reported to cause recessive DEB (12).




Figure 2 | Results of the diagnostic assessment. (A) Direct immunofluorescence with linear IgG along the DEJZ and (B) immunofluorescence mapping of patient 1 and 2 showing regular staining of collagen VII compared to healthy control. Collagen VII of patient 1 stains at dermal and epidermal side within the blister, reminiscent of an older blister. Collagen VII of patient 2 shows wider depositions at DEJZ and interruptions due to microblistering. (C) Immunoblot of the trypsine-digested collagen VII shows degradation at lower temperatures in the patients’ keratinocyte lysates, as graphically depicted in (D). * equals p: 0,0118 as tested with 2-WAY ANOVA.



In patient 2, diagnosis of EBA was confirmed by histopathology, linear IgG deposits along the BMZ in the DIF (Figure 2A) and ss-IIF with dermal side staining of IgG. Anti-collagen VII IgG ELISA was positive with both systems tested (Euroimmun® 5,13 ratio, ratio > 1 positive, MBL® 112 U/, cut off >5 U/ml positive).

Due to the therapy-refractory course, immunofluorescence mapping was performed in parallel and showed expression of collagen VII comparable to control skin (Figure 2B). Mutation analysis of the COL7A1 gene disclosed the heterozygous variant c.8227-1G>C, p.?, which affects the acceptor splice site in intron 110. Both c.8227-1G>C and c.8227-1G>A have been reported before to cause recessive dystrophic EB (13, 14). They may cause in frame skipping of exon 111.

We hypothesize that mutant polypeptides might interfere with triple helix formation to some extent and cause less stable collagen VII fibrils. To investigate this, we performed in vitro analyses of the thermal stability of the collagen triple helix. Keratinocytes from the patients skin (EBAK) were isolated and compared to control human keratinocytes (NHK) for the ability of collagen VII to withstand limited proteolytic digestion with trypsin, as described before (15). Proteolytic degradation of collagen VII would not be expected to be altered in EBA keratinocytes, without additional harmful functional effect from genetic variants. Interestingly, the collagen VII from EBAK was significantly more prone to proteolytic degradation than NHK in both cases, hinting that the heterozygous pathogenic variants were sufficient to destabilize the molecule in vitro (Figures 2C, D).



Discussion

We describe two patients with a severe, therapeutically challenging EBA of the mechanobullous type. Both patients required a multidisciplinary management (otorhinolaryngology, gynaecology, gastroenterology, ophthalmology, hematology and infectiology), and systemic treatment encompassing immunomodulating and/or immunosuppressive therapies to prevent further fibrosis-related disease manifestations. Patient 1, who was already in a progressive stage at first contact, had the highest subjective benefit from rituximab 2 x 1000mg followed by IVIGs. Serological remission in patient 2 was only possible after combining multiple treatments over a period of 24 months. Notably, in patient 2 all cycles of rituximab were poorly tolerated, reminiscent of infusion reactions observed in lymphoma patients, owing to the systemic B-cell load (16). The role of MGUS and intermittent fever still remains elusive, since she did not meet the criteria required for diagnosing lymphoma. Around 20 EBA cases associated with a hematologic malignancy have been reported so far (17, 18), illustrating that repeated paraneoplastic screening may be considered, as is recommended for patients with laminin 332- associated mucous membrane pemphigoid (19). EBA following pregnancy is an extremely rare event and only reported in few cases (20). In general, the altered immune pattern with dominance of Th2 lymphocytes during pregnancy favours development of autoimmunity, while Th1 dominant diseases tend to improve (20). Whether stretching of the skin, causing damage to the extracellular matrix and connective tissue and thereby exposing maternal antigens plays a role, remains elusive.

Both COL7A1 variants found in our patients are recessive and do not cause DEB in a monoallelic state. The amount and functionality of mutant and normal type VII collagen polypeptides is sufficient to assure dermal-epidermal adhesion. Similarly, few reports exist on autoimmunity and inflammatory imbalance in people with EB (21, 22), demonstrating that functionally-impaired proteins are probably more prone to development of autoantibodies against them. In sera of the studied EB patients autoantibodies against several components of the DEJZ, like collagen VII, BP180, BP230 and desmoglein 1 and 3 have been found. While negative direct and indirect immunofluorescence results suggest that circulating autoantibodies are most frequently non-pathogenic (23), some EB patients are at risk to develop an additional AIBD (24). Although appearing paradox on first sight, such observations are commonly observed in primary immunodeficiency disorders. There, genetic anomalies are associated with increased susceptibility for non- and infectious diseases, allergies and malignancies, but also enhanced autoimmunity (25). One can hypothesize, that structural impairment of the molecule, thereby facilitating tissue de-stabilization makes prone for autoimmunity due to an unstable protein, exposing otherwise hidden protein epitopes. Furthermore, it appears plausible that in such cases with an already slightly functionally impaired molecule, lower autoantibody titers suffice for a quick progression into a severe disease, with irreversible scaring and tissue fibrosis.

In EBA, 50% of the patients are described to be sero-negative (3). In addition, multiple cases have been reported, which are treatment-refractory, thus a detailed patient history is extremely valuable. Onychodystrophy in childhood or early enamel defects might hint towards a coexistent mild hereditary EB (26, 27). Guerra et al. also recommend a careful evaluation of EBA history and prompt mutation screening to unveil DEB variants (27).

In summary, testing for genetic variants in the COL7A1 gene should be considered in patients with EBA, which either have a patient history hinting towards underlying dystrophic epidermolysis bullosa or pose therapeutic challenges.



Patients’ Perspective

Both patients did adhere to the treatment proposed. Both women suffered from high disease activity, but were satisfied by the improvement of their clinical condition.
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Pemphigoid nodularis is a rare form of pemphigoid that joins the clinical picture of prurigo nodularis and the immunological features of bullous pemphigoid, which is therapeutically challenging. Here, we analyze five female patients with a long-lasting course of nodular pemphigoid in terms of clinical and immunological characteristics and therapy. All the patients fulfilled clinical and immunological criteria of nodular pemphigoid. We applied numerous techniques allowing the proper diagnosis: direct and indirect immunofluorescence, salt split skin, ELISA, BIOCHIP, and fluorescence overlay antigen mapping using laser scanning confocal microscopy. Our study showed that 4 of 5 patients fulfilled the clinical and immunological criteria of nodular bullous pemphigoid. Two out of 4 patients presented exclusively nodular lesions; in the other two patients, blisters and erythematous lesions preceded prurigo-like lesions by a few years. The remaining patient had clinical and immunological criteria of nodular mucous membrane pemphigoid, presenting oral erosions, scarring conjunctivitis, and numerous disseminated nodules on the skin. All the patients were treated with multiple medicines; however, it was observed that the use of clobetasol propionate on the entire body plus antidepressants best controlled the disease. Pemphigoid nodularis mainly occurs in elderly women. In cases with coexisting psychological problems, antidepressants should be considered as an important complementary therapy to the basic one with clobetasol propionate.
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Introduction

Bullous pemphigoid (BP) is the most common autoimmune subepidermal blistering disease equally affecting men and women over 60 years of age (1). The disease is characterized by the development of autoantibodies against the NC16a domain of BP180, an antigen of the basement membrane zone (BMZ) (1). This leads to the characteristic clinical picture consisting of erythematous and edematous lesions as well as tense blisters localized on the trunk and extremities (2). However, it is widely accepted that BP may present unusual clinical features, like dyshidrotic, localized erythroderma (2). Pemphigoid nodularis (PN) is another rare form of pemphigoid that occurs more frequently in older women (3–5). This variant of BP is extremely challenging in terms of diagnostics and therapy since it may be clinically indistinguishable from prurigo nodularis. It is noteworthy that the etiology of prurigo nodularis is not clear, but neuroimmune alterations play a role. It is also considered that prurigo nodularis is associated with other dermatological conditions (atopic dermatitis, and xerosis), systemic disorders (renal failure), as well as medications. It is also stressed that psychiatric disorders accompanied by pruritus significantly predispose to prurigo nodularis (6). However, the main difference between PN and prurigo nodularis is the lack of characteristic immunological findings in patient’s skin and serum.

Here, we present five female patients with PN presenting different immunological characteristics, course, and therapy.



Materials and Methods


Patients

The study included 5 patients, all women (mean age, 74 years; range 62–85) (detailed characteristics are depicted in Table 1), who presented clinical and immunological criteria of PN. The clinical criterion was the presence of long-lasting disseminated nodules accompanied by pruritus. The immunological criterion was positive direct immunofluorescence (DIF) with the presence of linear IgG and/or C3 along the BMZ and indirect immunofluorescence (IIF) revealing circulating anti-BMZ antibodies (Table 2).


Table 1 | Clinical and therapeutic characteristics of patients included in the study.




Table 2 | Immunological characteristics of patients included in the study.



The study was approved by the Bioethical Committee of the Medical University of Warsaw. Informed and written consent form was obtained from the participants.



Methods


Direct Immunofluorescence

Direct immunofluorescence was performed on patient’s normal-appearing tissue according to a previously described method (7).



Indirect Immunofluorescence and on Salt Split Skin

Patients’ sera were studied by routine indirect immunofluorescence method (IIF) and on the salt split skin substrate (SS-IIF) according to the method described previously (8).



Enzyme-Linked Immunosorbent Assay for BP180 and BP230

Anti-BP180 and anti-BP230 antibodies were studied with commercially available ELISA kits (Euroimmun, Lubeck, Germany) that employ the extracellular domain of recombinant proteins BP180 NC16a and BP230. Assays were carried out in accordance with the manufacturer’s instructions. The results were measured by an ELISA plate reader (KHB-ST 360). The standard recommended cutoff values were 20 RU/ml for both BP-180 NC16a and BP-230 (9).



BIOCHIP Mosaics Technique

In our study, we used the BIOCHIP Dermatology Mosaic 7 (Euroimmun, Lubeck, Germany), which consists of (i) monkey esophagus (BIOCHIP-ME), (ii) salt split skin (BICHIP-SSS), (iii) recombinant BP180 NC16a, (iv) HEK293 cells transfected with BP 230, (v) HEK293 cells transfected with Dsg1, and (vi) HEK293 cells transfected with Dsg3. The assay was carried out in accordance with the manufacturer’s instructions (9).



Fluorescence Overlay Antigen Mapping Using Laser Scanning Confocal Microscopy

The FOAM-LSCM technique was performed according to the method described previously (10). The tissue sections were incubated with mouse monoclonal antibodies directed against BMZ markers: antibody to laminin-332 (Chemicon, MAB 1949) directed against epitope of laminin-332 located in the lower lamida lucida was used as a marker of the lamina lucida–lamina densa border, whereas antibody to type IV collagen (Sigma, clone col-94) served as a marker of the lamina densa. In the second stage, the sections were treated with a conjugate mix: Cy5-labeled anti-mouse IgG antibody giving a red stain (Chemicon, AP160S) and anti-human IgG antibodies conjugated with FITC giving a green stain (Cappel, alfa chain). A confocal microscope Radiance 2000 with an appropriate means of laser lines for Cy5 and FITC (637 and 488 nm) and appropriate filters (a long-pass filter of 660 nm for Cy5 and a bandpass filter of 500–560 nm for FITC) was used to avoid cross-reactivity of reagents (11).





Case Reports and Results

Characteristics of the patients are depicted in Tables 1, 2.


Case 1

The first case involves an 85-year-old woman with hypertension and with a 12-year history of BP. The onset of the disease was characterized by disseminated nodules and severe pruritus; thus, she was considered as prurigo nodularis. The diagnosis of BP was established 1 year later. During the entire course, the patient presented exclusively numerous nodules, excoriations, and subsequently postinflammatory hyperpigmentation with any blisters (Figure 1A). Initially, she was treated with oral prednisone 40 mg/day, tetracycline 2×500 mg/day, and methotrexate 15 mg/week with no significant improvement. Repeated DIF of perilesional skin consistently revealed linear deposition of C3 only along the BMZ. She never presented IgG deposits at the BMZ. IIF repeated a few times was negative. The BIOCHIP examination showed positive reaction of circulating IgG on salt split skin and with BP230 BMZ antigen. ELISA test for BP230 and BP180 was negative. Combined therapy of topical clobetasol 25 g/day (12) and mirtazapine 15–30 mg/day resulted in very good clinical response along with itching reduction. Unfortunately, the patient was not cooperating and unsystematic with the treatment, causing recurrences of nodules. Recently, she was diagnosed with depression and started duloxetine. Adding prednisone 40 mg/day and clobetasol propionate topically led to the significant reduction of itch and disappearance of nodules. The dose of prednisone has been gradually tapered to 5 mg used every other day. The patient has been in remission for 6 months.




Figure 1 | Clinical manifestation of pemphigoid nodularis in the studied patients—disseminated nodules, excoriations, hyperpigmentation, and hypopigmentation in (A) patient 1 (P1), (B) patient 2 (P2), (C) patient 3 (P3), and (D) patient 5 (P5).





Case 2

A 62-year-old woman with hypertension, chronic obstructive pulmonary disease, and anxiety disorder was referred to our clinic in 2009 year with a 3-year history of BP presenting erythemas and large blisters on the trunk and extremities with severe pruritus. For the next 6 years, we observed alternating remissions and relapses. During the last 2 years of observation in our clinic, the patient presented only nodules without any blister formation (Figure 1B).

Immunological tests were consistent with the diagnosis of BP, i.e., DIF showed linear deposits of IgG and C3 at the BMZ. IIF disclosed circulating IgG anti-BMZ antibodies. Both BIOCHIP and ELISA disclosed reaction of circulating IgG antibodies with the NC16a domain of BP180. The patient was treated with oral prednisone, methyloprednisone, tetracycline, methotrexate, and oral antihistaminic without long-term remission achievement. Finally, topical clobetasol propionate in cream (12) applied on the entire body led to very quick (in 3 weeks) disappearance of nodules. The patient was observed for the next several months without relapse and then she failed to continue the follow-up.



Case 3

An 80-year-old patient with hypertension was referred to our clinic in May 2015 with a 1.5-year history of pruritic papules that subsequently transformed into nodules involving her trunk and limbs (Figure 1C). There has never been any evidence of blister formation or erythema. DIF revealed linear deposits of IgG and C3 along the BMZ. On IIF, circulating IgG anti-BMZ antibodies were detected labeling the roof of the blister on SS-IIF. The BIOCHIP and ELISA were negative in terms of target antigens. The patient was treated with topical clobetasol with an initial dose of 25 g of cream per day on the entire body resulting in complete remission of skin lesions and itching in the first 2 weeks. Then, the cream application was continued with progressive dose reduction according to the original description (12) for a few months without recurrence of skin lesions. She has been in clinical remission for 6 years.



Case 4

A 67-year-old woman with type 2 diabetes, hypertension, asthma, and obesity was referred to our outpatient clinic 7 years ago with a 2-year history of extensive oral erosions on gingiva, palates, and buccal mucosa and single erosions on the trunk (Figures 2A–C). The DIF performed on oral mucosa and skin revealed IgG and IgA deposits along the BMZ. Overlay antigen mapping using laser scanning confocal microscopy disclosed IgG deposits below laminin 332 and above collagen type IV, typically for mucous membrane pemphigoid (MMP) (Figures 2D, E). Topical treatment with clobetasol propionate and tacrolimus for a few weeks was not effective; therefore, prednisone 40 mg/day and dapsone 100 mg/day were launched, leading to the remission lasting 2 years. After self-discontinuation of therapy, she relapsed oral erosions and developed scarring conjunctivitis in the left eye. DIF performed on patient’s conjunctiva showed in vivo bound IgG along the BMZ confirming MMP. Dapsone in combination with prednisone 0.2 mg/kg b.m. resulted in complete remission of MMP. However, during therapy, skin itching, initially periodic, then later became permanent as well as nodules on the trunk and extremities were reported by the patient. In repeated DIF from skin biopsy, linear deposits of IgG and IgA at the BMZ were detected, confirming the diagnosis of nodular MMP. ELISA revealed the presence of IgG antibodies against BP230 antigen only. The dapsone therapy was enriched in clobetasol propionate in cream lesionally as well as antidepressants such as escitalopram and paroxetine, which caused slight reduction of itch. Eventually, launching clomipramine with quetiapine led to the dramatic reduction of itch and prevented the formation of new nodules.




Figure 2 | Clinical and immunological features of patient 4 (P4): (A) gingivitis, (B) scarring conjunctivitis of the left eye, and (C) disseminated nodules located on the trunk. FOAM-LSCM of patient’s oral mucosa: (D) linear IgG deposits (green color) localized below laminin-332 (red color) and (E) above collagen type IV (red color) at the BMZ.





Case 5

A 77-year-old woman with numerous comorbidities (obesity, hypertension, ischemic heart disease, heart failure, type 2 diabetes, primary biliary cirrhosis, sleep apnea, and depression) was diagnosed with BP 10 years ago. The diagnosis was based on DIF (IgG and C3 deposits along the BMZ), IIF on salt split skin (circulating anti-BMZ IgG antibodies reacted with the roof of an artificial blister), and ELISA (positive reaction of circulating IgG antibodies with the NC16a domain of BP180 antigen). Initially, she presented classical features of BP (blisters and erythematous lesions accompanied by pruritus). At that time, she was treated with numerous medicines (prednisone, dapsone, and methotrexate) that had to be discontinued due to side effects. Then, the patient was treated with topical clobetasol propionate with an initial dose of 40 g of cream per day, which led to the consolidation phase and clearing of most of the lesions; however, with time, the patient could not keep up with her therapy regime. During the last 3 years, the patient complained of persisting severe itching and presented exclusively disseminated nodules (Figure 1D). Oral tetracycline in combination with vitamin PP was partially helpful in controlling the disease. The addition of mirtazapine and escitalopram significantly decreased the intensity of pruritus, but did not provide complete remission. The patient has still experienced several alternating periods of remission and relapse.




Discussion

There are several publications on PN in the literature, mainly single case reports (4, 5, 10, 13). All authors have agreed that the correct diagnosis and treatment of the patients with PN remains a challenge. If the patients present from the beginning of the disease disseminated nodules accompanied by pruritus, they are recognized as having and are treated for prurigo nodularis for a long time. If diagnostic procedures are not performed at that time, the correct diagnosis and therapy are delayed.

Here, we report a large case series on PN, involving 5 patients with many years of follow-up. All of them were women, over 60 years of age (from 62 to 85), and this is consistent with most of the patients described in the literature; however, there are a few articles on PN in children (14, 15).

The patients presented in our case series were divergent in terms of clinical and immunological features as well as long-lasting course and therapy.

Clinically, among our patients, two presented only nodules disseminated on the trunk and extremities throughout their disease course, and two others initially developed classic BP with disseminated blisters and erythematous lesions, which, after years, transformed into exclusively PN (4, 14–16). That was consistent with previously reported cases. Thus, one should be aware that PN may be a secondary presentation of a classic bullous pemphigoid. PN may be generalized or limited to one area of the body (16–18). The remaining patient in our group fulfilled the clinical criteria of MMP at the beginning, presenting oral erosions and scarring conjunctivitis, subsequently developing numerous nodules on the trunk and upper and lower extremities. As far as we know, this is the first description of nodular MMP. This patient for several years presented as classic MMP and then developed disseminated nodular lesions. Since she complained of anxiety problems, she was considered as having prurigo nodularis, but repeated DIF of the skin disclosed IgG and IgA deposits at the BMZ, characteristic of MMP. It is important to emphasize that all our patients reported very severe pruritus for the duration of the disease, even during the clinical remission periods. It is widely accepted that pruritus is a strong trait of BP with an intensity much stronger than psoriasis and comparable with that observed in atopic dermatitis as we proved in our previous study (19). It is accepted that pruritus in BP is associated with elevated IgE serum levels, but its nature in other blistering disorders like MMP, EBA, or epidermolysis bullosa is not clear. On the other hand, itching may be a result of many factors such as dry skin, old age, drugs taken, comorbidities, i.e., type II diabetes mellitus, kidney diseases, and psychological status. All these conditions lead to scratching and releasing of pruritic cytokines with sustained itching. Thus, it is likely that overlapping of these conditions may be responsible for itching and the subsequent development of prurigo nodularis-like lesions.

The etiology of PN is completely unknown, though the disease may be caused by drugs, like nifedipine, etanercept, dipeptidyl-peptidase 4 inhibitor, psoralens, and PUVA (20–24). Interestingly, there are a few reports on PN coexisting with rheumatoid arthritis, lichen planus, psoriasis, or diabetes—diseases that are pruritic (20, 22, 24–30). It is highly likely that chronic, severe itching in these cases led to the damage of BMZ and exposition of its antigens and subsequently to the PN development. In our patients, drugs were excluded as provocative factors; however, some of them had emotional problems of various intensities, which are known to aggravate the itching.

Immunologically, classic BP is well characterized by the development of circulating IgG antibodies against the NC16a domain of BP180 and the presence of IgG and C3 deposits along the BMZ by DIF (1). Among our patients, all had positive DIF and all but one had circulating IgG antibodies labeling the roof of the artificial blister in SS-IIF. Additional studies (ELISA and BIOCHIP) disclosed, in two patients, reaction of circulating IgG antibodies with the NC16a domain of BP180 and/or BP230, like in several cases with PN in the literature. In other words, two of our patients failed to detect any target antigens despite using numerous techniques. This was observed in other papers. It may be associated with low titer of circulating antibodies in atypical forms of pemphigoid, i.e., nodular or localized BP as disclosed by Kawahara et al. (31). It was also shown that patients with PN may have circulating antibodies directed to other BP180 antigens of BMZ, like laminin γ1, which is characteristic of a separate entity: anti-laminin γ1 pemphigoid (32). In the current study, we showed for the first time that nodules may also develop in a course of MMP. The diagnosis in that case was established using not only serological tests but also FOAM-LSCM on the patient’s tissue (33). Therefore, we postulate that PN seems to be not a subtype of bullous pemphigoid, but a symptom of different blistering disorders (anti-laminin γ1 pemphigoid, MMP). That is why it is mandatory to perform detailed tests to establish the proper diagnosis as it determines proper management. Moreover, in case of MMP, it is necessary to periodically examine the patient in terms of progress of skin and mucosal lesions, i.e., development of scarring conjunctivitis or esophagitis, as it was with our patient.

On the basis of the literature, patients with PN were extremely challenging since they were treated using various methods like oral steroids, azathioprine, cyclophosphamide, IVIG, dapsone, minocycline, methotrexate, and others with different results (27, 30, 34–37). According to the European guideline of BP, cream with clobetasol propionate on the entire body is recommended as a first-line therapy since majority of BP patients are elderly with numerous internal disorders (1). Moreover, it is worth mentioning that many patients with pemphigoid have neurological and/or psychiatric disorders (not infrequently associated with pruritus), which undoubtedly affect treatment compliance and may explain such enormous therapeutic difficulties. On the other hand, different medications may trigger BP, mainly diuretics, ACEI, and some antibiotics. In the literature, there are only a few papers on the provocative role of antidepressants in BP (38–42). In general, patients with BP should always be analyzed in terms of drugs they take; however, in a BP patient who experienced extensive pruritus (no response to common antipruritic drugs), antidepressants are worth consideration, because benefits from such therapy may be superior to the risk of BP exacerbation as we observed in presented patients. Four of our 5 patients had depression or anxiety disorder; therefore, in three of them, antidepressants were added to the dermatological treatment leading to the fairly good control of pruritus and skin lesions (see Table 1). The patient with nodular MMP (P4) has been treated all the time with dapsone with good control of oral lesions and conjunctivitis. However, dapsone did not control pruritus and nodules at all. In this patient, different combinations of antidepressants were tried, finally attaining success after clomipramine with quetiapine. This particular case suggests that, in some cases, the efforts should be made to find the right medications to control the pruritus.

In terms of course of the disease, in one of our patients (P3), it was relatively mild, similarly to the course of classical BP, i.e., the 7-month therapy led to the complete long-term remission. The remaining four patients presented chronic and recurrent course of the disease, resistant to many therapies. This could have been caused by chronic itching of the skin leading to the scratching and the formation of new nodules. Finally, adding antidepressants allowed for reduction of pruritus and enabled the healing of nodules.

In conclusion, this paper disclosed that:

	Patients with PN are immunologically heterogeneous; therefore, there is a need for precise analysis of target antigens recognized by circulating antibodies since this determines their management.

	Patients with PN should be verified in terms of coexisting emotional problems similarly to those with prurigo nodularis.

	In most of the cases with PN, clobetasol propionate in cream as the first-line treatment should be considered.

	In case of PN with very severe itching, adding antidepressants to clobetasol propionate might be considered.
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The role of IgE autoantibodies has been demonstrated in the pathogenesis of bullous pemphigoid for many years. Recently, omalizumab (OMZ), a humanized monoclonal anti-IgE antibody that depletes total serum IgE, has been used off-label in a few case series of bullous pemphigoids demonstrating a rapid efficacy and allowing significant improvements or complete remission as add-on therapy in first-line treatment-resistant patients. Herein, we report the largest retrospective study to evaluate OMZ effectiveness in patients with subepidermal autoimmune blistering diseases. Our series included 13 patients from a single center with bullous pemphigoid or mucous membrane pemphigoid, of whom 7 had mucous membrane involvement. OMZ was added to the unchanged immunosuppressive therapies. Detailed clinical and immunological data during the first year were collected, notably for specific anti-BP180-NC16A IgE and IgG, and the median total follow-up was 30 months (range: 3–81). Our series demonstrated that OMZ induced a significant improvement in pruritus, urticarial score, and daily blister count on day 15, allowing disease control to be achieved in a 1-month median time and complete remission (CR) in a 3-month median time in 85% of these patients previously in therapeutic impasse. At the end of the follow-up, 31% of patients achieved CR on minimal therapy after OMZ weaning without relapses, and 54% achieved CR on OMZ continuation with a minimal dose of concomitant treatment. Two patients experienced therapeutic failure (15%). At baseline, clinical variables reflecting activity were significantly positively correlated with eosinophil blood count, total IgE serum level, specific anti-BP180 IgE and IgG. While baseline anti-BP180 IgG and specific anti-BP180 IgE were significantly positively correlated, only the two patients who experienced a therapeutic failure with OMZ did not fit with this correlation, demonstrating elevated levels of anti-BP180 IgG with no measurable BP180-specific IgE. Follow-up of immunological variables demonstrated a rapid decrease of eosinophilia towards normalization, whereas a slower decline towards negativation was observed over 1 year for anti-BP180 IgG and anti BP180 IgE in patients who responded to OMZ. This case series demonstrated that OMZ is a rapidly effective biologic therapy for refractory bullous pemphigoid and mucous membrane pemphigoid, permitting rapid disease control and reduction of concomitant therapeutics.
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Introduction

BP180 is the target antigen of autoantibodies in several autoimmune bullous diseases (AIBDs) including bullous pemphigoid (BP) and mucous membrane pemphigoid (MMP). In BP, the pathogenicity of anti-BP180 immunoglobulin (Ig) IgG, mast cells, and eosinophils is established for a long time (1). Currently, the pathogenicity of IgE, notably directed against the non-collagenous 16 A (NC16A) region of BP180, is also well documented in BP (2). Most BP patients have elevated circulating total IgE levels and harbor both specific anti-BP180 IgG and IgE in their sera. Circulating total and specific anti-BP180 IgE levels correlate with disease severity and clinical course. Whereas association between specific IgE and clinical phenotype remained unclear with diverging results among studies, some found specific IgE to be correlated with urticarial activity/phenotype and pruritus (2–4).

In MMP, unlike BP, the direct pathogenic role of anti-BP180 autoantibodies (IgG or IgE) has not convincingly been demonstrated. The pathogenicity of specific anti‐BP180 IgE has been suggested by studies demonstrating IgE binding to the basement membrane zone (BMZ) (5). Nevertheless, immunoblotting failed to detect specific anti-BP180 IgE in the serum of nine patients with MMP in a previous report (6).

Standard treatments for BP consist of topical or systemic corticosteroids (CS), often in combination with second-line adjuvant immunosuppressive/immunomodulatory therapies in refractory or severe cases (5). The recommended first-line treatment for MMP is dapsone, alone or in combination with topical corticosteroids, in mild/moderate cases, but combination with systemic immunosuppressants must be considered in severe cases (6). In refractory cases, adjuvant treatments might be slow to achieve disease control, leading to the long-term use of CS to reduce patient discomfort. As BP and MMP mainly affect the elderly over 60 years, contraindications to second-line therapies or adverse effects of the latter are common. Therefore, therapies with a safe profile could benefit patients with MMP or BP refractory to CS as add-on therapies in association with second-line treatments or when the latter cannot be used. Considering recent advances in the understanding of the direct pathogenic role of eosinophils and anti-BP180 and BP230 IgE, eosinophil-targeted therapies and treatment interfering with specific IgE pathogenicity are beginning to be used in BP (2).

Omalizumab (OMZ), a recombinant humanized monoclonal antibody that binds the Fc portion of IgE, has been approved for the treatment of severe asthma and chronic spontaneous urticaria with a good tolerance profile (7, 8). Through various mechanisms, OMZ reduces IgE production by B cells, decreases IgE-mediated histamine release by mast cells, basophils, and eosinophils, and reduces peripheral eosinophil count (4, 9). Since Fairley et al. described the first case of a BP patient efficiently treated with OMZ in 2009, the response to OMZ therapy in BP treatment was reported only in case reports and three case series, the largest of which involved eleven patients (10–32). Overall, OMZ successfully achieved disease control in most of these patients with BP, based on a review from 2019 (33). Nevertheless, criteria are still pending to identify patients who would benefit the most from OMZ, because variables such as treatments associated with OMZ, time to assess efficacy, definition of outcome measure, and follow-up of biological variables have been variously reported in the literature. Besides, the mechanism of action of OMZ questions its therapeutic interest in AIBDs other than BP, notably in those sharing similar clinical phenotypes or antigen targets, such as MMP in which OMZ use was not reported to date to our knowledge. We report hereinafter a case series of 13 patients with first-line therapy-resistant BP or MMP treated with OMZ, with detailed clinical, biological, and immunological follow-up over a 1-year period.



Patients and Methods

This single-center, retrospective study was conducted on patients followed between 2014 and 2020, using the database of our referral center for AIBDs after local institutional review board approval (#CLEA-2020-140). Written informed consent for participation was not required in accordance with the French national legislation.


Standard Assessment of AIBD in Our Reference Center

All patient data were systematically recorded using a computer medical chart standardized for AIBDs. The definitive diagnosis of AIBD and its type relied on a multidisciplinary clinical assessment recording past medical history, cutaneous and mucous membrane (MM) lesions, histological and immunological tests, as previously reported (34): direct immunofluorescence (DIF) and indirect immunofluorescence (IIF), BP180-NC16A, BP230 and collagen VII enzyme-linked immunosorbent assays (ELISAs), IgG immunoblotting performed with human amniotic membrane extract as previously described (35) and direct immunoelectron microscopy (DIEM). The multidisciplinary clinical assessment in our center included a systematic examination of ENT, oral, ocular and genital MM. In case of subepithelial AIBD (i.e., linear Ig or C3 deposits along the BMZ on DIF), patients were diagnosed with BP or MMP based on clinical criteria according to the criteria of Vaillant for BP (36), the predominant involvement of MM and DIEM results when the latter could be achieved (37).



Omalizumab-Treated Patients

All patients with a diagnosis of BP or MMP who received OMZ were identified by a computer search in our database and were included in the present study.

The collegial decision to start OMZ as an off-label add-on therapy was taken considering the first reports from the literature, with the aim of achieving rapid remission of severe symptoms in patients in therapeutic impasse and/or bearing comorbidities. OMZ was added to previous treatments, of which regimen remained unchanged until disease control. OMZ dosage was calculated according to the asthma dosing nomogram, considering body weight and baseline serum total IgE level. The management of therapeutic de-escalation was the same for all cases: after reaching disease control, topical CS were progressively tapered and weaned before considering OMZ and ISA tapering, to prevent relapse and achieve complete remission (CR) on minimal therapy.



Collected Data

Disease control (no new active lesions and beginning of healing of established lesions), CR (complete healing, and no active lesions for 2 months), and relapse were defined according to consensus statements (38, 39). Failure of therapy with OMZ was adapted from the latter and defined as no disease control after 3 months of treatment with OMZ. Baseline was defined as the date of the first OMZ injection. At baseline were collected: age, sex, type of AIBD, time between AIBD diagnosis and baseline, treatment lines before OMZ, and serum total IgE. Clinical, biological, and immunological data reflecting disease activity and adverse events were collected at baseline, at day 15, and then at 1, 2, 5, and 12 months after the first OMZ injection. At each point, were recorded: pruritus score evaluated using the pruritus visual analog scale (PVAS), bullous pemphigoid disease activity index (BPDAI), including urticaria lesions score, daily cutaneous blisters count, presence and location of MM lesions, eosinophil blood count, and anti-BP180-NC16A IgG and anti-BP180-NC16A IgE levels. The BPDAI values vary between 0 and 360 because of the addition of activity scores between 0 and 120 for each of the following components: cutaneous blisters/erosions, cutaneous urticarial/erythema lesions, and MM lesions. It was used for all patients, including those with MMP instead of the mucous membrane pemphigoid disease activity index (MMPDAI), which does not include a score of activity for cutaneous urticarial lesions.



Total IgE and anti-BP180-NC16A Antibodies Serological Detection

Total serum IgE levels (kIU/L) were determined by ELISA (ImmunoCAP total IgE; Thermo Fisher Scientific, Whaltham, MA, USA). BP180-NC16A IgG levels were measured using a commercial ELISA kit (MBL Co., Nagoya, Japan). BP180-NC16A IgE levels were determined by an in-house ELISA. This ELISA used microplates coated with the NC16A immunocompetent domain (EUROIMMUN, Bussy-Saint-Martin, France) and was optimized (serial dilutions of the serum and the second antibody). Optimal conditions were obtained with 1:100 diluted sera and HRP-labeled anti-human IgE antibody (Southern Biotechnology, Birmingham, AL, USA) diluted 1:1000. Antibody levels were determined as mean optical density (OD) values at 450 nm after subtraction of the blank values. Subsequently, the sera of 47 BP, 32 pemphigus, and 33 healthy donors were examined, and a ROC analysis allowed the determination of the cut-off value of 5 relative units (RU)/mL with 70% sensitivity and 100% specificity, according to previous studies (40, 41).



Literature Cases

To better discuss our results with those obtained in previously published cases, we performed a literature review of BP and MMP cases treated with OMZ. The research was performed using PubMed and Google Scholar, using the following search terms: “omalizumab”, “bullous pemphigoid”, “mucous membrane pemphigoid”, “autoimmune bullous disease”. All reports of BP or MMP treated with OMZ, in English or French, were considered without other eligibility criteria to compare clinical and immunological data of the cases before OMZ therapy and during follow-up. The flow diagram was designed according to the PRISMA guidelines (42) (Figure 1).




Figure 1 | Flow diagram for the literature review on BP/MMP cases treated with omalizumab.





Statistics

Quantitative variables are presented as medians and interquartile or extreme values as indicated, or means ± standard deviation, according to normality, as assessed by the Shapiro test. Qualitative variables are presented as numbers and proportions. Statistical analyses and comparisons between baseline and day 15 were performed using the Wilcoxon matched-pairs signed rank test using Prism® software (GraphPad Software Inc., San Diego, CA, USA). Correlations between quantitative variables were assessed using Spearman’s test. The Spearman correlation matrix was performed using R Statistical Software (version 2.14.0; R Foundation for Statistical Computing, Vienna, Austria).




Results


Study Population at Baseline

Thirteen patients were included, eight women and five men, with a mean age of 66 years (Table 1): 60 years old (range: 37–84) for BP patients and 76 years old (range: 57–90) for MMP patients. Eight patients had BP and five had MMP. Subepithelial AIBD diagnoses were proven by the presence of immune deposits along the BMZ in DIF in all patients but one, who was already being treated with corticosteroids when addressed in our center. Serological detection by ELISAs and immunoblotting demonstrated autoantibodies against BP180 in 12 patients (92%), BP230 in 7 patients (54%) and 120 kDa α6 integrin in 4 patients (31%). No anti-collagen VII nor laminin 332 reactivity was detected in any patient (Table 1).


Table 1 | Patient characteristics at baseline.



Concurrently, total serum IgE levels were above the normal limit of 100 kIU/L in all 13 patients (100%). Eosinophil blood count was above 450 cells/mm3 in 11 of them (84%), and eosinophils infiltrating the dermis on the skin biopsy taken at diagnosis were present in 12 (92%) (Table 1).

Patients had mild (n = 1), moderate (n = 6), or severe (n=6) AIBDs according to BPDAI scoring (mean BPDAI: 56/360), responsible for severe suffering, evolving for a median time of 5.1 months since their diagnosis (range: 0.7–117.8) despite previous treatments; 6 patients had contraindications or had refused other immunosuppressive therapies. All patients had active skin lesions, except for case #13, who had MM involvement only. Case #3 had a prurigo variant of BP, and case #6 had a BP with severe, long-standing pruritus. Seven patients had mucosal lesions involving the buccal, laryngeal, or genital MM (Table 1). At baseline, 12 patients had pruritus with a median PVAS of 7 (range: 4–10), 11 had urticarial lesions with a mean urticarial score of 24.5/120 (range: 0–56), and 10 had daily blisters with a median daily blisters count of 53 (range: 0–580) (Table 2).


Table 2 | Outcomes of OMZ therapy.





Clinical Response After OMZ Adjunction and Outcome

Most patients experienced a rapid improvement within the first days after the initial injection, which resulted in a significant improvement from day 15 in daily blister count, PVAS, and urticarial score (Figures 2, 3).




Figure 2 | Dramatic improvement of daily blister count, pruritus visual analog score (PVAS) and urticaria score between baseline (blue) and the 15th day after omalizumab therapy (purple). Data are presented as box and whisker plots showing extreme values, interquartile ranges, and medians. **p < 0.01, ***p < 0.001 (Wilcoxon signed–rank test).






Figure 3 |  Clinical improvement during omalizumab therapy. Case #2 at baseline (A) and day 15 (B); case #9 at baseline (C) and day 30 (D); case #11 at baseline (E) and day 30 (F).



OMZ quickly achieved disease control in 11 of 13 patients (cases #2–9, #11–13) (85%) at a median time of 30 days (range: 15–90) (Table 2 and Figures 4A–C), which enabled topical CS to be tapered after one month. Complete healing was obtained in these 11 patients and took longer for the 4 patients with laryngeal involvement (cases #9–11, #13) (median: 4 months) than the 3 patients (cases #7, #8, #12) with other MM lesions (median: 1.5 months) (Table 2). CR was achieved in 11 patients at a median time of 3 months (range: 3–7). During a mean follow-up time of 30 months (range: 3–81), none of the patients who achieved CR relapsed, whereas topical CS were weaned in a mean time of 3.8 months ± 1.6, and despite the delay between OMZ injections tapered or OMZ was weaned in 7 patients (Table 2). At the last follow-up, 4 of these 11 patients (cases #2, #5, #9, #11) (31%) were in CR on minimal therapy despite OMZ weaning for periods of 54, 15, 22, and 3 months, respectively (median: 18.5 months) (Table 2), whereas the 7 other patients (54%) were in CR on therapy with OMZ and minimal therapy dosage for other treatments for a median time of 20 months (range: 0–61).




Figure 4 | Clinical and laboratory variables during the first year after omalizumab therapy in the 13 patients. Individual values through time on a linear scale (black: remittent patients, red: non–remittent patients): (A) Daily blister count, (B) Pruritus visual analogic score, (C) Urticaria score, (D) Eosinophil count, (E) BP180–NC16A IgG level, (F) BP180–NC16A IgE level over time for the 8 patients with measurable IgE auto–antibodies during follow–up, (G) Log–2 scale evolution of the mean values over time of eosinophil blood count, daily blister count, pruritus visual analogic score, and BP180–NC16A IgG.



Failure of add-on therapy with OMZ was observed in 2 patients (cases #1 and #10) (Table 2). OMZ did not induce any improvement and was stopped in case #1, who achieved CR with a high dosage of CS. In case 10, OMZ induced a major initial skin improvement (Figure 2) but was ineffective on MM (Table 2); however, it was continued considering initial benefit and disease severity. CR was subsequently achieved with a combination of rituximab, intravenous immunoglobulins, dapsone, OMZ, and topical CS.

OMZ therapy was administered to all patients for a mean duration of 21 months (range: 3–64). Five patients (38%) experienced adverse events. Two patients experienced mild influenza-like illness immediately after OMZ injections and were easily controlled with paracetamol, which no longer recurred after the 6th injection. Three patients with comorbidities, aged between 84 and 90 years, died (cases #7, #11, and #12) from infectious pneumonia or renal failure (Table 2). These three patients had received OMZ for 3 to 4 months; two of them (cases #7, and #12) quickly died after having reached CR and were still on OMZ therapy at the time of their death. The third one (case #11) died at 6 months after baseline, 3 months after OMZ weaning.



Biological Results

At baseline, the median eosinophil blood count and total IgE serum levels were 1,590 cells/mm3 (range: 200–17,000) and 1,132 kIU/L (range: 195–9,414), respectively. Anti-BP180 IgG level was above the normal range of 9 RU/mL in 12 patients, with a mean value of 106 RU/mL (range: 6–201). The specific anti-BP180 IgE level was above the positive cut-off value of 5 RU/mL in eight patients, with a median value of 27 RU/mL (range: 12–761). Interestingly, anti-BP180 IgE were not found in the two patients who had therapeutic failure with OMZ (cases #1 and #10) and in the three patients with the lowest levels of anti-BP180 IgG (cases #6, #12, and #13).

Biological follow-up demonstrated a rapid decrease in eosinophil blood count within the first month of OMZ therapy and returned to normal on day 150 (Figure 4D). After 1 year of follow-up, the mean anti-BP180 IgG titer was 23 RU/mL (range: 5–63 RU/mL). Among the 12 initially positive cases for anti-BP180 IgG, all had a progressive decrease that began within 2 months and became undetectable in 3 of them at 1-year follow-up, except for cases #1 and #10, which failed to reach disease control with OMZ and demonstrated a rebound in line with clinical activity (Figure 4E). Finally, the specific anti-BP 180 IgE level decreased in six of the eight positive cases at baseline and negated for one patient (case #5); cases #3 and #7 remained at the same level at the last follow-up despite a decrease in anti-BP180 IgG and CR on OMZ therapy (Figure 4F). Overall, these variables showed a parallel, gradually decreasing evolution towards negativation or normal levels on average (Figure 4G).

At baseline, clinical variables reflecting disease activity (BPDAI, urticarial score, daily blister count) were significantly positively correlated with immunological variables (eosinophil count, total serum IgE, anti-BP180 IgE and IgG) (Figure 5). Only the positive correlations between the daily blister count at baseline and total serum IgE or anti-BP180 IgE were not found to be significant. AIBD duration before OMZ therapy was negatively correlated with the clinical and immunological variables. No significant correlation was found between pruritus score (data not shown) or the time to achieve disease control (data not shown) or CR and other variables. Immunological variables were significantly positively correlated with each other, except for a positive correlation between eosinophil blood count and specific anti-BP180 IgE levels (Figure 5).




Figure 5 | Graphical representation of Spearman correlation matrix between clinical activity and immunological variables at baseline and outcomes. Red and blue colors indicate positive and negative correlations, respectively; the lighter the color, the less significant the corresponding correlation. The filled fraction of the circle in each pie chart corresponds to the absolute value of the associated Spearman correlation coefficient (r). *p < 0.05, **p < 0.01, ***p < 0.001, ¶ before omalizumab, † Time to complete remission.





Literature Review

The literature review identified 45 cases, of which 43 were included in our analysis (Additional Table 1), of which 21 were published as case series and 22 as case reports. Patients (mean age: 66.9 years ± 17.9) had treatment-resistant BP to one or several therapies, with seven cases having non-predominant MM involvement (16–18, 31). The BPDAI score was available only in a series of six patients from De et al, with a mean BPDAI score of 41 (29). Hypereosinophilia was reported in 60% of cases (median: 1,200 cells/mm3, range: 100–17,700). An elevated total IgE titer was observed in 74% of cases (median: 1,569 kIU/L; range: 73–22,682 kIU/L). Subcutaneous OMZ was administered at a dose of 300 mg (81%), with an initial injection interval of 2–6 weeks. Most patients (86%) received OMZ in combination with concomitant immunosuppressive therapies, including systemic CS (79%), high potent topical CS (35%), and azathioprine (14%).

Short-term results within the first month were available in only 16 patients (37%), of whom 87% demonstrated a quick improvement and achieved partial improvement (50%) or disease control (37%). Middle-term results, between the second and the fourth month after OMZ, demonstrated that 26 patients achieved disease control (60%), with CR on OMZ (53%), or CR off after a single OMZ injection in 2 patients. The specific outcomes of MM lesions have not been described. Adverse events were noted in 12% of cases; however, their direct relationship with OMZ therapy was not clear.

At the last follow-up, CR was not achieved in 11 cases (25%), with only partial improvement (16%) or therapeutic failure (7%). The best outcome achieved during follow-up was a CR in 32 cases (74%), with a 6-month median time for CR (range: 2–42 months). Disease control allowed concomitant therapies to be tapered or weaned in most of these patients. OMZ was discontinued in seven patients, resulting in a 71% relapse rate, whereas only one relapse was reported on OMZ continuation. Immunological follow-up data were sparse in most cases, showing normalization of eosinophilia and a decrease in total IgE and anti-BP180 IgG. Quantitative (ELISA) or qualitative (immunoblot) measurement of specific anti-BP180 IgE was carried out in only 2 and 7 cases, respectively (10, 11, 29) and were positive in 4 patients, of whom one had negativation at 3-month follow-up (29).




Discussion

AIBD management can be difficult, especially in treatment-resistant cases requiring rapid relief of pruritus, blisters, and erosions. The role of IgE autoantibodies has been demonstrated in BP in recent years, which led to the off-label use of OMZ, a humanized monoclonal anti-IgE antibody depleting total serum IgE, in refractory BP patients. Here, we report the largest retrospective series of AIBDs treated with OMZ, involving 13 patients with precise short- and long-term clinical and immunological outcomes, and compare these results with the data of 43 BP cases in the literature. Our study has obvious limitations, including a small sample size and monocentric recruitment. Nevertheless, our case series with detailed follow-up and homogenous therapeutic management strengthens the previous data on OMZ efficacy in first-line therapy-resistant BP and highlights the efficacy of OMZ in MM lesions, notably in MMP patients, which was not previously reported.


Clinical and Immunological Data at Baseline

Our series included 13 first-line treatment-refractory patients, 8 with BP and 5 with MMP, with a 66-year-old mean age. The subgroup of patients with BP was young (mean age: 60 years) in comparison with the mean age of BP patients older than 80 years in a large French cohort (43). Overall, our patients had moderate to severe disease according to the cut-off values of the BPDAI score defining the severity categories in BP (44), with a higher median BPDAI score than the cohort used to elaborate these cut-off values (53 and 37.5, respectively). In addition, our patients experienced severe pruritus with a mean PVAS of 7/10, whereas a recent series investigating pruritus and quality of life in BP described a mean pruritus intensity of 5.2/10 and showed that patients with a score above 5 had a greater alteration in their quality of life (45). As expected, our series included patients positive for anti-BP180 IgG (92%). IgE levels and eosinophil blood count were not decision criteria as such to start OMZ. Nevertheless, 100% of our patients had elevated total serum IgE, and 84% had elevated eosinophil blood count. We found elevated specific anti-BP180 IgE in eight patients, including six out of eight BP patients (75%) and in two out of five patients with MMP (40%).

In comparison with the previously published BP cases treated with OMZ, our series included patients of similar age, with a higher proportion of patients with MM involvement considering the inclusion of patients with MMP, notably 3 with laryngeal involvement. Most literature cases lacked BPDAI score and pruritus severity evaluation. Nevertheless, the mean BPDAI score in our series was similar to that reported by De et al., with a mean BPDAI score higher than 50 (29). The rates of cases with elevated total serum IgE and eosinophil blood count were slightly higher in our study. With our in-house anti-BP180 IgE ELISA, we were the first to demonstrate specific anti-BP180 IgE levels in MMP patients at baseline. The rate of anti-BP180 IgE in BP patients (75%) found in our series with an in-house ELISA was higher than in the study of De et al. who reported anti-BP180 IgE in 2 of 6 patients’ sera tested with an immunoblotting technique (29). A decrease in anti-BP180 IgE after OMZ therapy was reported in 6 out of 8 patients in our study, whereas an increase in optical density at 3 months in one patient has been reported in the only quantitative assessment after OMZ available in the literature (19). The rate of anti-BP180 IgE negativation at last follow-up was low (1 out of 8 patients) in our series, whereas only one patient negated immunoblot reactivity from the 2 positive ones at baseline in the series from De et al. (29).

Similar to most studies investigating this issue in BP (2), we found significant positive correlations between disease severity in BP/MMP and immunological variables at baseline (circulating eosinophils, total serum IgE levels, anti-BP180 IgE and IgG levels). Circulating anti-BP180 IgG was significantly correlated with urticaria and blistering. While specific anti-BP-180 IgE was inconsistently associated with clinical phenotype (e.g., urticarial or nodular) in previous studies (2), specific anti-BP180 IgE levels were significantly correlated only with the urticaria score in our series. Moreover, we found that anti-BP180 IgG and specific IgE levels were positively correlated at baseline. Interestingly, only two patients with elevated levels of anti-BP180 IgG but absence of anti-BP180 IgE were both OMZ therapeutic failures (see below).



Clinical Response to Omalizumab

In our series, OMZ significantly reduced clinical symptoms (pruritus, urticaria, and blisters) from day 15, and disease control was achieved in a median time of 30 days. Furthermore, we reported for the first time OMZ efficacy on MM involvement, with six patients (86%) having experienced complete re-epithelialization. The latter was obtained in a shorter time for buccal and vulvar involvement than for laryngeal lesions. At the last follow-up, an 85% CR rate and a 15% therapeutic failure rate were observed. The 3-month median time to achieve CR was short, considering that these patients were resistant to previous treatments and that 7 cases had MM involvement. Indeed, two BP cases in our series had mucosal lesions that responded more slowly to conventional therapy (46). In addition, five patients had MMP, whereas the time to obtain CR with intravenous immunoglobulins or rituximab in MMP without ocular involvement was estimated at 22 and 5 months, respectively, in a recent review. Complete resolution was obtained in 77.8% and 50.0% of patients, respectively, with intravenous immunoglobulins and rituximab (47). Moreover, as naso-pharyngo-laryngeal endoscopy is an invasive procedure, it was not repeated before day 60, then day 120; thus, the time to achieve CR might have been overestimated in our three patients with laryngeal involvement. Lastly, 54% of patients achieved CR on minimal therapy with OMZ continuation and 31% CR on minimal therapy after OMZ weaning without any relapse, with a median follow-up time of 18.5 months in these latter.

Overall, our results reinforce the evidence for the rapid effectiveness of OMZ, as already outlined in the literature. Our series specified information highlighting its rapid improvement through systematic monitoring; notably the striking decrease of clinical symptoms at day-15, a one-month median time to achieve disease control and a 3-month median time to reach complete remission. At the last follow-up, an 85% CR rate and a 15% therapeutic failure rate were observed, which were slightly better than the outcomes from the literature review we performed, which demonstrated 74% and 25% rates, respectively. A third of our patients achieved CR on minimal therapy after OMZ weaning, without relapse, while a high relapse rate after OMZ withdrawal was reported in the literature. This difference might be explained by a slower decrease in therapies that only began after disease control. Notably, topical CS was slowly tapered over 4 months, according to the French guidelines for the therapeutic management of BP (48). OMZ tapering was initiated only after CS weaning in all patients with CR. Indeed, as in other indications, such as urticaria, the modalities of tapering and weaning for OMZ need to be clarified. In fact, as in the literature, a majority of patients still continued OMZ at the last follow-up for long periods, which allowed concomitant therapies cessation or tapering to their minimal dosage to prevent relapse. This continuation for long periods might represent the greatest barrier to the widespread use of OMZ considering its cost.

The target population for OMZ in patients with AIBD would also need to be clarified, but as our group size was small, with a large majority of patients responsive to OMZ therapy, we could not ascertain predictive factors of response to OMZ. No variable tested in the correlation matrix reached statistical significance with the time to achieve disease control or complete remission. Thus, as previously described by Lonowski et al. (23), we cannot conclude that patient selection for OMZ therapy should hinge upon the level of urticaria lesions, eosinophil count, or total serum IgE. Nevertheless, only two patients with very high levels of anti-BP180 IgG but no anti-BP180 IgE had therapeutic failure with OMZ. Thus, this immunological combination might constitute a negative predictive factor for the response to OMZ. This association has not previously been described in the literature but only a very few studies (10, 11, 19, 29) investigated anti-BP180 IgE, and most of them performed immunoblot analysis rather that anti-BP180 IgE ELISA. Lastly, only one case reported by Dufour et al. demonstrated elevated anti-BP180 IgG titers in ELISA without IgE in immunoblot (11), and one case from the series of De et al. showed anti-BP180 IgG positivity and anti-BP180 IgE negativity in immunoblotting (29). In these cases, OMZ allowed a significant improvement or a complete response.

Our series is the first to report the results of OMZ therapy in MM involvement, especially in patients with MMP diagnoses confirmed on DIEM. OMZ was found to be rapidly effective to decrease skin symptoms in all MMP patients who had skin involvement at baseline. OMZ as add-on therapy allowed a CR in four of the five MMP patients, notably in patient #13 having only MM involvement with normal eosinophil blood count and a moderate elevation of total IgE. After a striking improvement, patient #10 was classified as a failure because the disease relapsed and required additional therapies with OMZ continuation.



Omalizumab Tolerance - Adverse Events

The good tolerance profile of OMZ is well documented in asthma and chronic urticaria, even in patients older than 65 years (49, 50), notably in comparison with other immunosuppressive therapies (42). Adverse events were observed in 5 patients (38%) in our series, which was higher than the adverse event rate reported in the literature (12%). This difference was not related to a longer follow-up duration, as all adverse events occurred within the first 6 months of OMZ therapy. Two patients experienced grade 2 drug-related adverse events (influenza illness reactions). Three grade 5 adverse events (two pneumonias and one renal failure) led to death in three very fragile and old patients with significant comorbidities, without apparent direct relationship between OMZ therapy and death, even more as OMZ was stopped 5 months before death in one of these three patients.



Immunological Monitoring After Omalizumab

For the first time, we provided the time-course of immunological variables in AIBD patients under OMZ throughout the follow up over one year. As previously described in BP (51), the eosinophil blood count and anti-BP180 IgG level seemed to follow the course of clinical variables. Notably, the eosinophil blood count showed a dramatic decrease within the first month, mirroring the rapid decrease in urticaria and pruritus. The decrease in anti-BP180 IgG level was slower and progressive over the one-year follow-up for BP patients but also for MMP patients positive at baseline; most of them still demonstrated positive levels of anti-BP-180 IgG at one-year follow-up which was already described in BP patients with other therapies such as B-cell depletion therapy with rituximab (52). A similar slow decrease was observed for anti-BP180 IgE in patients with high anti-BP180 IgE levels at baseline, whereas other patients in CR had stable levels despite OMZ. As previously hypothesized for anti-BP180 IgG (53), our results suggest the need for maintenance therapy to prevent relapses in the absence of rapid or complete clearance of anti-BP180 IgE under OMZ. This could also explain the high rates of patients still on OMZ or off OMZ with minimal dosage of concomitant therapies at the end of follow-up in our series.

In conclusion, add-on therapy with OMZ allowed BP patients and MMP patients in situations of therapeutic impasse to pass a milestone, achieving fast improvement within the first 2 weeks, disease control at 1 month and a 85% rate of CR. Our results and those from the literature should be confirmed by larger retrospective and controlled studies, which might more accurately precise OMZ efficacy in late observation endpoints, such as CR on minimal therapy, and better identify the predictive factors of therapeutic response. Considering predictive factors, our results point to the need to pay particular attention to patients with a dissociation between a high anti-BP180-NC16A IgG level and the absence of specific anti-BP180-NC16A IgE levels. Although OMZ was found to be safe in large studies for other indications, future studies should confirm this good safety profile in the elderly, as we reported apparently non-OMZ-related deaths in three old patients. Finally, in patients with refractory BP and MMP, OMZ is an effective option to control their diseases and to stop or decrease concomitant immunosuppressive therapies to their minimal effective dose.




Data Availability Statement

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



Ethics Statement

The studies involving human participants were reviewed and approved by Comité Local d’Ethique pour la Recherche Clinique des HUPSSD Avicenne-Jean Verdier-René Muret (CLEA #2020-140). Written informed consent for participation was not required for this study in accordance with the national legislation and the institutional requirements. Written informed consent was obtained from the individual(s) for the publication of any potentially identifiable images or data included in this article.



Author contributions

MA, GB, and CPS contributed to the conception and design of the study. MA, GB, CL, IS, FC, and CPS participated in patients’ daily care and data collection. FM and SGM performed the immunological and biological analyses. MA and GB reviewed the charts and organized the databases. GB and TG performed statistical analyses and figure preparation. MA wrote the first draft of this manuscript. GB and SGM wrote sections of the manuscript. All authors contributed to manuscript revision, read, and approved the submitted version.



Acknowledgments

We thank Benoit Mellottee, Laurie Rousset (MD), and Tannvir Desroche (MD) for their participation in the daily care of patients with autoimmune bullous diseases, without whom this work could not have been done. We thank Jérôme Biton (PhD, UMR INSERM 1125 Li2P, Bobigny, France) for his help in producing the correlation matrix.



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2022.874108/full#supplementary-material



Abbreviations

AIBD, auto-immune blistering disease; BMZ, basement membrane zone ; BP, bullous pemphigoid ; BP180, bullous pemphigoid 180 kDa antigen; BP180-NC16A, non-collagenous 16 A region of BP180; BPDAI, bullous pemphigoid disease activity index; CS, corticosteroids; DIEM, direct immunoelectron microscopy; ELISA, enzyme-linked immunosorbent assay; Ig, immunoglobulin; MM, mucous membrane; MMP, mucous membrane pemphigoid; OMZ, omalizumab; PVAS, pruritus visual analog scale.



References

1. Schmidt, E, and Zillikens, D. Pemphigoid Diseases. Lancet (2013) 381:320. doi: 10.1016/S0140-6736(12)61140-4

2. Amber, KT, Maglie, R, Solimani, F, Eming, R, and Hertl, M. Targeted Therapies for Autoimmune Bullous Diseases: Current Status. Drugs (2018) 78:1527–48. doi: 10.1007/s40265-018-0976-5

3. Saniklidou, AH, Tighe, PJ, Fairclough, LC, and Todd, I. IgE Autoantibodies and Their Association With the Disease Activity and Phenotype in Bullous Pemphigoid: A Systematic Review. Arch Dermatol Res (2018) 310:11–28. doi: 10.1007/s00403-017-1789-1

4. Messingham, KN, Crowe, TP, and Fairley, JA. The Intersection of IgE Autoantibodies and Eosinophilia in the Pathogenesis of Bullous Pemphigoid. Front Immunol (2019) 10:2331. doi: 10.3389/fimmu.2019.02331

5. Yayli, S, Pelivani, N, Beltraminelli, H, Wirthmüller, U, Beleznay, Z, Horn, M, et al. Detection of Linear IgE Deposits in Bullous Pemphigoid and Mucous Membrane Pemphigoid: A Useful Clue for Diagnosis. Br J Dermatol (2011) 165:1133–7. doi: 10.1111/j.1365-2133.2011.10481.x

6. Christophoridis, S, Büdinger, L, Borradori, L, Hunziker, T, Merk, HF, and Hertl, M. IgG, IgA and IgE Autoantibodies Against the Ectodomain of BP180 in Patients With Bullous and Cicatricial Pemphigoid and Linear IgA Bullous Dermatosis. Br J Dermatol (2000) 143:349–55. doi: 10.1046/j.1365-2133.2000.03661.x

7. Adachi, M, Kozawa, M, Yoshisue, H, Lee Milligan, K, Nagasaki, M, Sasajima, T, et al. Real-World Safety and Efficacy of Omalizumab in Patients With Severe Allergic Asthma: A Long-Term Post-Marketing Study in Japan. Respir Med (2018) 141:56–63. doi: 10.1016/j.rmed.2018.06.021

8. Jia, H-X, and He, Y-L. Efficacy and Safety of Omalizumab for Chronic Spontaneous Urticaria: A Systematic Review and Meta-Analysis of Randomized Controlled Trials. Am J Therap (2020) 27:e455–77. doi: 10.1097/MJT.0000000000000912

9. Metz, M, Staubach, P, Bauer, A, Brehler, R, Gericke, J, Kangas, M, et al. Clinical Efficacy of Omalizumab in Chronic Spontaneous Urticaria Is Associated With a Reduction of Fcϵri-Positive Cells in the Skin. Theranostics (2017) 7:1266–76. doi: 10.7150/thno.18304

10. Fairley, JA, Baum, CL, Brandt, DS, and Messingham, KAN. Pathogenicity of IgE in Autoimmunity: Successful Treatment of Bullous Pemphigoid With Omalizumab. J Allergy Clin Immunol (2009) 123:704–5. doi: 10.1016/j.jaci.2008.11.035

11. Dufour, C, Souillet, AL, Chaneliere, C, Jouen, F, Bodemer, C, Jullien, D, et al. Successful Management of Severe Infant Bullous Pemphigoid With Omalizumab. Br J Dermatol (2012) 166:1140–2. doi: 10.1111/j.1365-2133.2011.10748.x

12. London, VA, Kim, GH, Fairley, JA, and Woodley, DT. Successful Treatment of Bullous Pemphigoid With Omalizumab. Arch Dermatol (2012) 148:1241–3. doi: 10.1001/archdermatol.2012.1604

13. Yalcin, AD, Genc, GE, Celik, B, and Gumuslu, S. Anti-IgE Monoclonal Antibody (Omalizumab) Is Effective in Treating Bullous Pemphigoid and Its Effects on Soluble CD200. Clin Lab (2014) 60:523–4. doi: 10.7754/Clin.Lab.2013.130642

14. Yu, KK, Crew, AB, Messingham, KAN, Fairley, JA, and Woodley, DT. Omalizumab Therapy for Bullous Pemphigoid. J Am Acad Dermatol (2014) 71:468–74. doi: 10.1016/j.jaad.2014.04.053

15. Balakirski, G, Alkhateeb, A, Merk, HF, Leverkus, M, and Megahed, M. Successful Treatment of Bullous Pemphigoid With Omalizumab as Corticosteroid-Sparing Agent: Report of Two Cases and Review of Literature. J Eur Acad Dermatol Venereol (2016) 30:1778–82. doi: 10.1111/jdv.13758

16. Gönül, M, Keseroglu, H, Ergin, C, Özcan, I, and Erdem, Ö. Bullous Pemphigoid Successfully Treated with Omalizumab. Indian J Dermatol Venereol Leprol (2016) 82:577–9. doi: 10.4103/0378-6323.183628

17. Bilgiç Temel, A, Bassorgun, CI, Akman-Karakaş, A, Alpsoy, E, and Uzun, S. Successful Treatment of a Bullous Pemphigoid Patient With Rituximab Who Was Refractory to Corticosteroid and Omalizumab Treatments. Case Rep Dermatol (2017) 9:38–44. doi: 10.1159/000452828

18. İncel Uysal, P, Yalçın, B, and Ayşe, Ö. [Our Clinical Experience With the Use of Omalizumab in the Treatment of Bullous Pemphigoid]. Turkderm-Turk Arch Dermatol Venereol (2017) 51:124–8. doi: 10.4274/turkderm.65983

19. Menzinger, S, Kaya, G, Schmidt, E, Fontao, L, and Laffitte, E. Biological and Clinical Response to Omalizumab in a Patient With Bullous Pemphigoid. Acta Derm Venereol (2018) 98:284–6. doi: 10.2340/00015555-2845

20. Ewy, S, Pham, H, Quan, K, Su, B, and Tachdjian, R. Successful Omalizumab Therapy for Bullous Pemphigoid Despite Transient Reaction. J Drugs Dermatol (2019) 18:947–9.

21. James, T, Salman, S, Stevenson, B, Bundell, C, Kelly, G, Nolan, D, et al. IgE Blockade in Autoimmunity: Omalizumab Induced Remission of Bullous Pemphigoid. Clin Immunol (2019) 198:54–6. doi: 10.1016/j.clim.2018.12.015

22. Maglie, R, Antiga, E, Quintarelli, L, Verdelli, A, and Caproni, M. Dramatic Exacerbation of Bullous Pemphigoid Following Rituximab and Successful Treatment With Omalizumab. Eur J Dermatol (2019) 29:213–5. doi: 10.1684/ejd.2019.3499

23. Seyed Jafari, SM, Gadaldi, K, Feldmeyer, L, Yawalkar, N, Borradori, L, and Schlapbach, C. Effects of Omalizumab on Fcϵri and IgE Expression in Lesional Skin of Bullous Pemphigoid. Front Immunol (2019) 10:1919. doi: 10.3389/fimmu.2019.01919

24. Vico-Alonso, C, Calleja-Algarra, A, Aragon-Miguel, R, Sanchez-Velazquez, A, Velasco-Tamariz, V, Ortiz-Romero, PL, et al. Omalizumab as an Alternative Therapeutic Tool in the Treatment of Bullous Pemphigoid: A Case Report. Dermatol Ther (2019) 32:e12829. doi: 10.1111/dth.12829

25. Garrido, PM, Alexandre, MI, Travassos, AR, and Filipe, P. Dipeptidyl-Peptidase IV Inhibitor-Associated Bullous Pemphigoid Efficiently Treated With Omalizumab. Dermatol Ther (2020) 33:e14160. doi: 10.1111/dth.14160

26. Lonowski, S, Sachsman, S, Patel, N, Truong, A, and Holland, V. Increasing Evidence for Omalizumab in the Treatment of Bullous Pemphigoid. JAAD Case Rep (2020) 6:228–33. doi: 10.1016/j.jdcr.2020.01.002

27. Navarro-Triviño, FJ, Llamas-Molina, JM, Ayen-Rodriguez, A, Cancela-Díez, B, and Ruiz-Villaverde, R. Dramatic Improvement of Bullous Pemphigoid With Omalizumab in an Elderly Patient. Eur J Hosp Pharm (2020) 2020:2418. doi: 10.1136/ejhpharm-2020-002418

28. Sinha, S, Agrawal, D, Sardana, K, Kulhari, A, and Malhotra, P. Complete Remission in a Patient With Treatment Refractory Bullous Pemphigoid After a Single Dose of Omalizumab. Indian Dermatol Online J (2020) 11:607–11. doi: 10.4103/idoj.IDOJ_438_19

29. De, D, Kaushik, A, Handa, S, Mahajan, R, and Schmidt, E. Omalizumab: An Underutilized Treatment Option in Bullous Pemphigoid Patients With Co-Morbidities. J Eur Acad Dermatol Venereol (2021) 35:e469–72. doi: 10.1111/jdv.17229

30. Mangin, M-A, Lienhart, A, Gouraud, A, Roux, S, Hodique, F, Jouen, F, et al. Onset of Acquired Haemophilia A After Omalizumab Treatment in Severe Bullous Pemphigoid – a Report on Two Cases Successfully Treated With Mycophenolate Mofetil. Ann Dermatol Venereol (2021) 148:57–9. doi: 10.1016/j.annder.2020.09.577

31. Sarrazin, M, Jouen, F, and Duvert-Lehembre, S. Refractory Bullous Pemphigoid With IgE Anti-BP230 and IgG Anti-P200 Antibodies Successfully Treated With Omalizumab. Ann Dermatol Venereol (2021) 148:60–2. doi: 10.1016/j.annder.2020.08.053

32. Seyed Jafari, SM, Feldmeyer, L, Bossart, S, Simon, D, Schlapbach, C, and Borradori, L. Case Report: Combination of Omalizumab and Dupilumab for Recalcitrant Bullous Pemphigoid. Front Immunol (2021) 11:611549. doi: 10.3389/fimmu.2020.611549

33. Kremer, N, Snast, I, Cohen, ES, Hodak, E, Mimouni, D, Lapidoth, M, et al. Rituximab and Omalizumab for the Treatment of Bullous Pemphigoid: A Systematic Review of the Literature. Am J Clin Dermatol (2019) 20:209–16. doi: 10.1007/s40257-018-0401-6

34. Gaudin, O, Seta, V, Alexandre, M, Bohelay, G, Aucouturier, F, Mignot-Grootenboer, S, et al. Gliptin Accountability in Mucous Membrane Pemphigoid Induction in 24 Out of 313 Patients. Front Immunol (2018) 9:1030. doi: 10.3389/fimmu.2018.01030

35. Grootenboer-Mignot, S, Descamps, V, Picard-Dahan, C, Nicaise-Roland, P, Prost-Squarcioni, C, Leroux-Villet, C, et al. Place of Human Amniotic Membrane Immunoblotting in the Diagnosis of Autoimmune Bullous Dermatoses. Br J Dermatol (2010) 162:743–50. doi: 10.1111/j.1365-2133.2009.09566.x

36. Vaillant, L, Bernard, P, Joly, P, Prost, C, Labeille, B, Bedane, C, et al. Evaluation of Clinical Criteria for Diagnosis of Bullous Pemphigoid. French Bullous Study Group. Arch Dermatol (1998) 134:1075–80. doi: 10.1001/archderm.134.9.1075

37. Chan, LS, Ahmed, AR, Anhalt, GJ, Bernauer, W, Cooper, KD, Elder, MJ, et al. The First International Consensus on Mucous Membrane Pemphigoid: Definition, Diagnostic Criteria, Pathogenic Factors, Medical Treatment, and Prognostic Indicators. Arch Dermatol (2002) 138:370–9. doi: 10.1001/archderm.138.3.370

38. Murrell, DF, Daniel, BS, Joly, P, Borradori, L, Amagai, M, Hashimoto, T, et al. Definitions and Outcome Measures for Bullous Pemphigoid: Recommendations by an International Panel of Experts. J Am Acad Dermatol (2012) 66:479–85. doi: 10.1016/j.jaad.2011.06.032

39. Murrell, DF, Marinovic, B, Caux, F, Prost, C, Ahmed, R, Wozniak, K, et al. Definitions and Outcome Measures for Mucous Membrane Pemphigoid: Recommendations of an International Panel of Experts. J Am Acad Dermatol (2015) 72:168–74. doi: 10.1016/j.jaad.2014.08.024

40. Hashimoto, T, Ohzono, A, Teye, K, Numata, S, Hiroyasu, S, Tsuruta, D, et al. Detection of IgE Autoantibodies to BP180 and BP230 and Their Relationship to Clinical Features in Bullous Pemphigoid. Br J Dermatol (2017) 177:141. doi: 10.1111/bjd.15114

41. van Beek, N, Lüttmann, N, Huebner, F, Recke, A, Karl, I, Schulze, FS, et al. Correlation of Serum Levels of IgE Autoantibodies Against BP180 With Bullous Pemphigoid Disease Activity. JAMA Dermatol (2017) 153:30–8. doi: 10.1001/jamadermatol.2016.3357

42. Page, MJ, McKenzie, JE, Bossuyt, PM, Boutron, I, Hoffmann, TC, Mulrow, CD, et al. The PRISMA 2020 Statement: An Updated Guideline for Reporting Systematic Reviews. BMJ (2021) 372:n71. doi: 10.1136/bmj.n71

43. Joly, P, Baricault, S, Sparsa, A, Bernard, P, Bédane, C, Duvert-Lehembre, S, et al. Incidence and Mortality of Bullous Pemphigoid in France. J Invest Dermatol (2012) 132:1998–2004. doi: 10.1038/jid.2012.35

44. Masmoudi, W, Vaillant, M, Vassileva, S, Patsatsi, A, Quereux, G, Moltrasio, C, et al. International Validation of the Bullous Pemphigoid Disease Area Index Severity Score and Calculation of Cut-Off Values for Defining Mild, Moderate and Severe Types of Bullous Pemphigoid. Br J Dermatol (2021) 184:1106–12. doi: 10.1111/bjd.19611

45. Briand, C, Gourier, G, Poizeau, F, Jelti, L, Bachelerie, M, Quéreux, G, et al. Characteristics of Pruritus in Bullous Pemphigoid and Impact on Quality of Life: A Prospective Cohort Study. Acta Derm Venereol (2020) 100:adv00320. doi: 10.2340/00015555-3683

46. Chuah, SY, Tan, SH, Chua, SH, Tang, MBY, Lim, YL, Neoh, CY, et al. A Retrospective Review of the Therapeutic Response With Remission in Patients With Newly Diagnosed Bullous Pemphigoid. Australas J Dermatol (2014) 55:149–51. doi: 10.1111/ajd.12040

47. Lytvyn, Y, Rahat, S, Mufti, A, Witol, A, Bagit, A, Sachdeva, M, et al. Biologic Treatment Outcomes in Mucous Membrane Pemphigoid: A Systematic Review. J Am Acad Dermatol (2021):S0190-9622(21)00010–4. doi: 10.1016/j.jaad.2020.12.056

48. Castel, M, Alexandre, M, Jelti, L, Pham-Ledard, A, Viguier, M, Bédane, C, et al. Updated French Guidelines for the Therapeutic Management of Bullous Pemphigoid. Ann Dermatol Venereol (2021):S0151-9638(21)00088–0. doi: 10.1016/j.annder.2021.08.005

49. Feliciani, C, Joly, P, Jonkman, MF, Zambruno, G, Zillikens, D, Ioannides, D, et al. Management of Bullous Pemphigoid: The European Dermatology Forum Consensus in Collaboration with the European Academy of Dermatology and Venereology. Br J Dermatol (2015) 172:867–77. doi: 10.1111/bjd.13717

50. Schmidt, E, Rashid, H, Marzano, A v., Lamberts, A, Di Zenzo, G, Diercks, G, et al. European Guidelines (S3) on Diagnosis and Management of Mucous Membrane Pemphigoid, Initiated By the European Academy of Dermatology and Venereology – Part II. J Eur Acad Dermatol Venereol (2021) 35:1926–48. doi: 10.1111/jdv.17395

51. Liu, Y, Wang, Y, Chen, X, Jin, H, and Li, L. Factors Associated With the Activity and Severity of Bullous Pemphigoid: A Review. Ann Med (2020) 52:55–62. doi: 10.1080/07853890.2020.1742367

52. Berkani, N, Joly, P, Golinski, M-L, Colliou, N, Lim, A, Larbi, A, et al. B-Cell Depletion Induces a Shift in Self Antigen Specific B-Cell Repertoire and Cytokine Pattern in Patients With Bullous Pemphigoid. Sci Rep (2019) 9:3525. doi: 10.1038/s41598-019-40203-7

53. Bernard, P, Reguiai, Z, Tancrède-Bohin, E, Cordel, N, Plantin, P, Pauwels, C, et al. Risk Factors for Relapse in Patients With Bullous Pemphigoid in Clinical Remission: A Multicenter, Prospective, Cohort Study. Arch Dermatol (2009) 145:537–42. doi: 10.1001/archdermatol.2009.53




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 Alexandre, Bohelay, Gille, Le Roux-Villet, Soued, Morin, Caux, Grootenboer-Mignot and Prost-Squarcioni. 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.




ORIGINAL RESEARCH

published: 20 April 2022

doi: 10.3389/fimmu.2022.877958

[image: image2]


Pathological Relevance of Anti-Hsp70 IgG Autoantibodies in Epidermolysis Bullosa Acquisita


Stefan Tukaj 1*, Jagoda Mantej 1, Krzysztof Sitko 1, Detlef Zillikens 2, Ralf J. Ludwig 3, Katja Bieber 3 and Michael Kasperkiewicz 4


1 Department of Molecular Biology, Faculty of Biology, University of Gdańsk, Gdańsk, Poland, 2 Department of Dermatology and Center for Research on Inflammation of the Skin, University of Lübeck, Lübeck, Germany, 3 Lübeck Institute of Experimental Dermatology and Center for Research on Inflammation of the Skin, University of Lübeck, Lübeck, Germany, 4 Department of Dermatology, Keck School of Medicine, University of Southern California, Los Angeles, CA, United States




Edited by: 

Pascal Joly, Centre Hospitalier Universitaire (CHU) de Rouen, France

Reviewed by: 

Musette Philippe, Université Sorbonne Paris Nord, France

Kentaro Izumi, Hokkaido University, Japan

*Correspondence: 

Stefan Tukaj
 stefan.tukaj@ug.edu.pl

Specialty section: 
 This article was submitted to Autoimmune and Autoinflammatory Disorders, a section of the journal Frontiers in Immunology


Received: 17 February 2022

Accepted: 28 March 2022

Published: 20 April 2022

Citation:
Tukaj S, Mantej J, Sitko K, Zillikens D, Ludwig RJ, Bieber K and Kasperkiewicz M (2022) Pathological Relevance of Anti-Hsp70 IgG Autoantibodies in Epidermolysis Bullosa Acquisita. Front. Immunol. 13:877958. doi: 10.3389/fimmu.2022.877958



Stress-induced heat shock protein 70 (Hsp70) is a key intra- and extracellular molecular chaperone implicated in autoimmune processes. Highly immunogenic extracellular Hsp70 can activate innate and acquired (adaptive) immune responses driving the generation of anti-Hsp70 autoantibodies that are frequently observed in inflammatory/autoimmune disorders. We recently described the direct pathological role of extracellular Hsp70 in epidermolysis bullosa acquisita (EBA), an anti-type VII collagen autoantibody-mediated autoimmune blistering skin disease. Here, we determined the role of anti-Hsp70 autoantibodies in EBA. We observed that circulating anti-Hsp70 IgG autoantibodies were significantly elevated in EBA patients compared to healthy individuals and positively correlated with serum levels of pro-inflammatory interferon gamma (IFN-γ). The pathophysiological relevance of anti-Hsp70 IgG autoantibodies was demonstrated in an antibody transfer-induced EBA mouse model in which elevated serum levels of anti-Hsp70 IgG were found. In addition, anti-Hsp70 IgG-treated animals had a more intense clinical and histological disease activity, as well as upregulated nuclear factor kappa B (NF-κB) activation in skin biopsies compared to isotype-treated animals. Our results suggest that autoantibodies to Hsp70 may contribute to EBA development via enhanced neutrophil infiltration to the skin and activation of the NF-κB signaling pathway in an IFN-γ-associated manner.




Keywords: autoimmune bullous diseases (AIBDs), epidermolysis bullosa acquisita (EBA), heat shock proteins (Hsps), Hsp70, autoantibodies, nuclear factor kappa B (NF-κB), interferon gamma (IFN-γ)



Introduction

Cell-protecting inducible heat shock protein 70 (Hsp70) is a highly conserved molecular chaperone involved in intracellular protein folding and homeostasis. Hsp70 can be up-regulated by multiple stress stimuli and released to extracellular compartments, where it influences both innate and adaptive immune cells (1). Passively or actively released to the extracellular milieu, Hsp70 may drive the generation of circulating anti-Hsp70 autoantibodies. In fact, increased serum levels of these autoantibodies were recorded in some autoimmune diseases including dermatitis herpetiformis (2), coeliac disease (3), and rheumatoid arthritis (4). In addition, our recent studies revealed that extracellular autologous Hsp70 represents a pathophysiological factor in epidermolysis bullosa acquisita (EBA) (5). EBA is one of the less common autoimmune blistering skin diseases characterized by the presence of autoantibodies to type VII collagen (COL7) of the cutaneous basal membrane zone. In experimental models of inflammatory EBA, anti-COL7 IgG binding is followed by reactive oxygen species (ROS) and matrix metalloproteinases (MMP) producing neutrophils, resulting in proteolytic degradation of the dermal-epidermal junction and blister formation (6).

This study aimed to determine the role of circulating anti-Hsp70 autoantibodies in a cohort of patients with EBA and healthy controls. Their presumed pathological effects were confirmed in a well-established experimental mouse model of EBA.



Materials and Methods


Human Blood Samples

Sera from healthy donors (n=40) and age-matched patients with active EBA (n=20) were used in this study. EBA patients were included fulfilling the following criteria: skin lesions resembling EBA (inflammatory subtype, n=10; unspecified subtype, n=10), linear IgG and/or IgA staining at the skin basal membrane zone by direct immunofluorescence microscopy and circulating anti-COL7 IgG autoantibodies by both indirect immunofluorescence microscopy and immunoblotting. The use of sera was approved by the Ethics Committee of the University of Lübeck (Germany), and written informed consent was obtained in accordance with the Declaration of Helsinki.



Analysis of Circulating Anti-Hsp70 Immunoglobulins

Levels of circulating anti-Hsp70 Ig were evaluated by enzyme-linked immunosorbent assay (ELISA) as shown previously (4, 5).



Serum INF-γ Measurements

Serum levels of mouse and human IFN-γ were measured by commercially available ELISA kits (BioLegend and MyBiosource, respectively).



Generation of the vWFA2 Recombinant Protein and Anti-Murine vWFA2 IgG

Recombinant murine vWFA2 of COL7 was generated as described previously (7). Rabbit anti-murine vWFA2 IgG (anti-COL7 IgG) was produced and isolated as described previously (8). Immunoreactivity of IgG fractions to COL7 was examined by immunofluorescence microscopy on mouse skin.



Disease Induction

♀ BALB/c mice (6 weeks of age) were purchased from the Tri-City University Animal Facility — Research Service Center (Poland). Induction of EBA by repetitive anti-COL7 IgG transfer in mice followed published protocols (5, 9). Disease activity was expressed as the percentage of body surface area covered by skin lesions and determined at three time points as described previously (5, 9).



Treatment of Mice

Naïve mice were injected (50 μg per mouse) with a single intraperitoneal injection of mouse anti-Hsp70 IgG1 monoclonal antibodies (clone BRM-22; Sigma) or IgG1 isotype control (Sigma) one day before the initial anti-COL7 IgG injection.



Histopathology

Mouse ear skin samples were fixed in 4% buffered formalin and embedded in paraffin. 6 μm tissue sections were stained with hematoxylin and eosin (H&E). Dermal neutrophil infiltration was scored blindly by an independent researcher on a scale from 0 to 4, i.e., 0, none; 1, slight; 2, moderate; 3, marked; and 4, very marked as described previously (5).



NF-kB p65 Activity

NF-κB p65 activity was measured in nuclear extracts of the skin by a NF-kB p65 Transcription Factor Assay Kit following the manufacturer’s instruction (Abcam).



Flow Cytometry

Whole blood cells were labeled with anti-Ly6G-FITC (BioLegend) and anti-CD62L-APC (BioLegend) in CyLyseTM reagents (Sysmex). Stained viable granulocytes were analyzed with a flow cytometer (CyFlow Cube 6, Sysmex).



H2O2 Measurement

Hydrogen peroxide (H2O2) levels were assayed using the Amplex®UltraRed fluorochrome (Molecular Probes) and Varioskan Reader (Thermo Fisher Scientific) as described previously (5).



Western Blotting

Matrix metalloproteinase 9 (MMP-9) or neutrophil elastase (NE) protein expression was analyzed by immunoblotting as described previously (5). Briefly, ear skin lysates were separated in polyacrylamide gel under denaturing conditions (SDS-PAGE) and transferred onto nitrocellulose membrane (Bio-Rad). The membrane was incubated in blocking buffer (TBS) containing 3% non-fat milk, followed by incubation with antibodies to MMP-9 (1:1000; Abcam), NE (1:1000; Cell Signaling Technology) or β-actin (1:1000; Cell Signaling Technology) at room temperature. HRP-coupled goat anti-mouse or anti-rabbit secondary antibodies (1:2000; BioLegend or 1:2000; Sigma-Aldrich, respectively) were used. Amersham ECL Plus Western Blotting Detection Reagents (GE Healthcare) were used to visualize the reaction. Protein levels relative to β-actin were measured by densitometry (Image Lab 6.1.0).



Statistical Analyses

Statistical calculations were carried out using GraphPad Prism 9 (San Diego, CA). To verify whether the data had normal distribution, the Shapiro-Wilk test was used. Data was analyzed by Student’s t test, Mann–Whitney U test, or Spearman’s rank correlation test, and p values less than 0.05 were considered significant.




Results


Levels of Circulating Anti-Hsp70 IgG Autoantibodies Are Increased in Patients With EBA

We observed that serum levels of anti-Hsp70 IgG were significantly higher in EBA patients (n = 20) when compared to age-matched healthy individuals (n = 40) (Figure 1A), which was also true for a subgroup analysis with EBA patients for whom information about the clinical variant was available (i.e., inflammatory type, n=10) (0.21 ± 0.09 vs. 0.11 ± 0.03, respectively; p=0.0019). In contrast, levels of anti-Hsp70 IgA and IgM were similar between both groups (Figure 1A). Cut-off value calculated as 3 x standard deviation (SD) above the mean of the controls revealed that 50% of EBA patients were anti-Hsp70 IgG positive, whereas none of the healthy controls displayed such positivity (Figure 1B). In addition, significantly elevated serum levels of IFN-γ in EBA patients as compared to controls (Figure 1C) were positively correlated with serum levels of anti-Hsp70 IgG (Figure 1D).




Figure 1 | Circulating anti-Hsp70 IgG autoantibodies are elevated in patients with EBA and positively correlated with serum levels of pro-inflammatory IFN-γ. (A) Levels of anti-Hsp70 IgG, IgA, and IgM autoantibodies in sera of EBA patients (n = 20) and age-matched healthy individuals (n = 40), measured by ELISA. (B) Contingency analysis showing anti-Hsp70 IgG positivity in 50% of EBA patients but not in healthy controls. (C) Levels of IFN-γ in sera of EBA patients (n = 20) and healthy controls (n = 16), measured by ELISA. (D) Analysis of a correlation between serum levels of anti-Hsp70 IgG and IFN-γ in EBA patients. ns, not significant.





Treatment With Anti-Hsp70 Antibodies Boosts Induction of Experimental EBA

To validate the role of anti-Hsp70 IgG antibodies in vivo, the antibody transfer-induced EBA animal model was used. First, we observed that induction of experimental EBA was paralleled by both the generation of circulating anti-Hsp70 IgG (Figure 2A) and a trend towards higher blood levels of IFN-γ as compared to naïve mice (Figure 2B). Secondly, in a separate experimental setting, we found that naïve mice injected intraperitoneally with murine anti-Hsp70 IgG one day before the initial anti-COL7 IgG injection had a significantly higher clinical disease activity when compared to isotype-treated EBA mice (Figure 2C).




Figure 2 | Anti-Hsp70 antibody treatment aggravates experimental EBA. (A) Blood levels of anti-Hsp70 IgG and (B) IFN-γ in naïve mice and mice with induced EBA were measured by ELISA at day 12. The results are expressed as mean values ± SEM of 9-13 mice per group. (C) Naïve BALB/c mice were injected intraperitoneally with mouse anti-Hsp70 IgG or IgG isotype control one day before the initial anti-COL7 IgG injection. Clinical scores were calculated as the percentage of the body surface area covered by EBA lesions. Representative clinical pictures of isotype control- and anti-Hsp70 IgG-treated mice at the end of the observation period (day 12) are shown on the right. The results are expressed as mean values ± SEM of 5 mice per group ns, not significant.





Anti-Hsp70 IgG Antibody Treatment Leads to Pronounced Dermal Neutrophil Infiltration and NF-κB Activity in Experimental EBA

To further evaluate the mechanism of anti-Hsp70 IgG action in EBA development, skin infiltration and the activity of neutrophils, the key effector cells in experimental EBA (6), were studied. In addition, the activation of nuclear factor kappa B (NF-κB), which is known to play a key role in autoimmunity and inflammation (10), was monitored. We found that the dermal infiltration by neutrophils was significantly higher in anti-Hsp70 IgG-treated mice as compared to the isotype control-treated group (Figure 3A), although no intra-individual association between serum anti-Hsp70 IgG and dermal neutrophil infiltration was recorded in untreated EBA mice (data not shown). While circulating neutrophil activity (Ly6G+CD62L+) (Figure 3B), plasma H2O2 levels (Figure 3C), and skin expression of MMP-9 (Figure 3D) or neutrophil elastase (Figure 3E) were not affected by anti-Hsp70 IgG antibody treatment, NF-κB activation was significantly enhanced in lesional skin biopsies of EBA mice treated with the anti-Hsp70 IgG antibody compared to isotype-injected EBA mice (Figure 3F).




Figure 3 | Anti-Hsp70 IgG antibody treatment leads to enhanced dermal neutrophil infiltration and NF-κB activity in mice with EBA. Naïve BALB/c mice were injected intraperitoneally with murine anti-Hsp70 IgG or IgG isotype control one day before the initial anti-COL7 IgG injection. (A) Dermal neutrophil infiltration scores of H&E-stained skin sections at the end of the observation period (day 12). Representative histological images are shown on the right. (B) Flow cytometric analysis of peripheral blood neutrophil activity (Ly6G+CD62L+) at the end of the observation period (day 12). Representative cytometric results are shown on the right. (C) Plasma H2O2 levels at the end of the observation period (day 12). Cutaneous expression of (D) MMP-9 or (E) neutrophil elastase (NE) at day 12. Corresponding representative western blot (below) with MMP-9 or NE expression relative to β-actin levels using densitometry measurements. (F) Relative NF-κB p65 activity was analyzed in nuclear extracts of the skin by ELISA at the end of the observation period (day 12). Data are expressed as mean ( ± SEM) of 5 mice per group. ns, not significant.






Discussion

Hsp70 is a highly conserved molecular chaperone involved in intracellular protein folding and cellular homeostasis. Living or dead cells can actively or passively release Hsp70 to the extracellular space, respectively, where it influences both innate and adaptive immune cells. The role of extracellular Hsp70 in autoimmunity, however, is still enigmatic due to conflicting outcomes regarding its contribution to the development or maintenance of pathological conditions, depending on type of diseases, experimental conditions, and the general cellular niche (1, 5, 11). For instance, Hsp70 treatment suppressed psoriasis and autoimmune arthritis in preclinical models (11, 12). On the other hand, extracellular Hsp70 has an inflammation-promoting role in EBA (5). In more detail, circulating levels of Hsp70 were significantly elevated in mice with experimental EBA as compared to naïve mice, and Hsp70-treated EBA mice had a more intense clinical disease severity compared to untreated EBA mice (5). Since naturally occurring circulating anti-Hsp70 autoantibodies were found to be elevated in several autoimmune diseases (13), we aimed to define the role of anti-Hsp70 antibodies in EBA.

This research involved both EBA patients and the EBA animal model which reflects the inflammatory type (vs. mechanobullous type) of human EBA. Here, we observed that IgG autoantibodies against Hsp70 were significantly elevated in the serum of patients with EBA, including those with the inflammatory variant, when compared to healthy individuals. This observation is in line with what we have previously described in patients with another autoimmune blistering disease, i.e., dermatitis herpetiformis (2). In contrast, patients suffering from bullous pemphigoid or pemphigus vulgaris, the most common forms of autoimmune bullous dermatoses, had unchanged serum levels of anti-Hsp70 IgG as compared to healthy controls (2). This discrepancy may suggest disease subtype-specific humoral autoreactivity to Hsp70 within the same group of autoimmune disorders. In this context, potential differences between the inflammatory and mechanobullous variants of EBA remain in need of further elucidation. Likewise, the mechanism of anti-Hsp70 IgG production in EBA patients is still not fully understood but may possibly be linked to skin tissue damage-related release of Hsp70 to the extracellular space with consecutive activation of the humoral immune response. An indirect pathophysiological significance of anti-Hsp70 IgG in EBA patients may be evidenced by the positive correlation between serum levels of anti-Hsp70 IgG and IFN-γ, the latter known to be implicated in EBA (14–16). Since a positive correlation between circulating anti-Hsp90 IgG and IFN-ɣ has been previously also found in patients with rheumatoid arthritis (4), it is likely that anti-Hsp autoantibodies are involved in the development of some autoimmune diseases in an IFN-ɣ-associated manner.

The pathophysiological relevance of anti-Hsp70 antibodies was experimentally demonstrated in the murine model of EBA. In this well-established antibody transfer-induced EBA model, anti-COL7 antibodies lead to neutrophil infiltration into the skin which directly causes subepidermal blister formation by ROS- and MMP-mediated disruption of adhesion molecules (6). Here, in line with EBA patients, we observed that induction of experimental EBA was paralleled by both the generation of circulating anti-Hsp70 IgG and a trend towards higher blood levels of IFN-γ as compared to healthy naïve mice. In addition, we demonstrated that anti-Hsp70 IgG-treated mice had a more intense clinical and histological disease activity of EBA compared to the control group. Mechanistically, an increase of NF-κB activation in the skin of anti-Hsp70 IgG-treated mice with EBA was found. Since the NF-κB signaling pathway is known to play a key role in inflammatory processes, it may represent a possible target for the treatment of autoimmune diseases including those of the bullous type (10, 17–19).



Summary

In summary, based on serological studies using EBA patients and preclinical observations, we postulate that autoantibodies to Hsp70 may contribute to EBA development via enhanced neutrophil infiltration to the skin and activation of the NF-κB signaling pathway in an IFN-γ-associated manner. This work expands existing knowledge about the direct contribution of extracellular Hsp70 in EBA, suggesting a synergistic interplay between Hsp70 per se and the respective autoantibody response in the pathophysiology of EBA which may also have implications for novel biomarker development.
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Pemphigus is a rare autoimmune disease characterized by the production of pathogenic autoantibodies against desmosomal adhesion proteins, desmoglein 1 and 3. The pathophysiological process leads to the development of blisters and erosions on mucosal and/or skin surfaces as the main clinical manifestation of the disease. Rituximab emerged as the first-line therapeutic option for pemphigus due to its ability to induce remission by depleting peripheral B lymphocytes. Our aim was to assess the efficacy of rituximab in the treatment of patients in Croatia. A single-center, retrospective study was conducted on 19 patients treated with rituximab following a rheumatoid arthritis dosing protocol between October 2015 and March 2021, with a mean follow-up of 24.1 months. After the first rituximab cycle, two patients achieved complete remission off therapy (10.5%), and six patients achieved complete remission on minimal therapy (31.6%). Partial remission was observed among ten patients (52.6%). Eight patients (44.4%) relapsed after the first rituximab cycle. The mean relapse time was 21 months. Seven patients received two rituximab cycles, and three patients received three cycles. Overall, 13 out of 19 patients experienced complete remission at some point during the study, while there were no non-responders after the rituximab treatment. No statistically significant associations were observed between age, sex, type of disease involvement and clinical remission, either on or off therapy. A steady decrease in anti-desmoglein 1 and anti-desmoglein 3 levels was measured among all patients following rituximab treatment. One patient experienced a treatment-related adverse event of infectious etiology (cellulitis). One patient died following the first rituximab cycle, with the cause of death likely not to be associated with the treatment. Rituximab is an effective disease-modifying agent in the treatment of pemphigus with the main benefit of reducing corticosteroid exposure and steroid-related side effects among pemphigus patients. However, a feature of rituximab therapy is high relapse rates and the need for repeated treatment cycles to achieve complete remission. Developing an optimal protocol for rituximab treatment and finding suitable markers for predicting relapse will improve the management of pemphigus patients.
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Introduction

Pemphigus diseases are a group of autoimmune bullous disorders characterized by the formation of autoantibodies against the desmosomal adhesion proteins, desmoglein 1 (Dsg1) and/or desmoglein 3 (Dsg3), leading to the formation of blisters and erosions of skin and mucosa. Pemphigus is a rare disease with an incidence in Croatia of 3.7 new patients per 1 million inhabitants per year (1). Before the introduction of systemic corticosteroids, the diagnosis of pemphigus was almost always a fatal one. Systemic corticosteroids and immunosuppressive drugs have drastically reduced pemphigus mortality from 75% to less than 10% in severe cases (2). The combination of prednisone/prednisolone (1.0-1.5 mg/kg/day) and corticosteroid-sparing immunosuppressive agents, mostly azathioprine and mycophenolate mofetil was regarded as a standard first-line therapy by most clinicians (3). However, severe and sometimes even life-threatening side effects related to chronic use of these drugs were still a significant issue. The increasing evidence for the successful use of rituximab was a breakthrough in the treatment of pemphigus. Rituximab, a monoclonal antibody directed against the CD20 antigen on B-lymphocytes, depletes CD20 B cells from the circulation and has been used in B-cell lymphoma, rheumatoid arthritis, vasculitides and off-label in autoimmune dermatologic conditions (4). The first case of a pemphigus patient successfully treated with rituximab was published twenty years ago (5). In a randomized controlled trial published in 2017, Joly et al. showed that 89% of patients with pemphigus vulgaris (PV) and pemphigus foliaceus (PF) assigned to the rituximab group achieved complete remission off therapy compared to 34% of patients assigned to the treatment with prednisone alone (6). In 2018 rituximab was licensed for the treatment of moderate to severe pemphigus in the United States and the European Union. More recently, the consensus statement on management of pemphigus by the international panel of experts and the guidelines by the European Academy of Dermatology and Venereology (EADV) recommended intravenous CD20 inhibitors as a first-line therapy option for mild and moderate-to-severe pemphigus (7, 8). In the years following, a number of studies evaluating the efficacy and outcomes of rituximab therapy for pemphigus were published. This study aimed to assess the efficacy of rituximab in treating patients with pemphigus in Croatia and compare our results with the published studies on rituximab effectiveness from other centers.



Materials and Methods


Patients

We identified eligible patients from treatment logs at the University Hospital Center Zagreb, the Croatian Referral Center for Bullous Dermatoses. The study included all patients with PV and PF treated with rituximab from October 2015 to March 2021. Nineteen patients were identified, out of which 16 were diagnosed with PV and 3 with PF. Patient characteristics are summarized in Table 1. A diagnosis of PV and PF was based on the clinical appearance of mucosal and/or cutaneous lesions and confirmed by the histopathological finding of suprabasal (PV) or subcorneal (PF) acantholysis and direct immunofluorescence results of intercellular immunoglobulin G, with or without C3 deposits, in the epidermis/epithelium.


Table 1 | Baseline characteristics of patients.





Treatment

Patients received an initial intravenous (IV) infusion of 1000 mg rituximab on day 1 and a second IV infusion of 1000 mg rituximab on day 15 (rheumatoid arthritis protocol). Each patient received rituximab while being hospitalized at our Department. Before starting rituximab treatment, all patients underwent general, and laboratory examination and vaccinations were administered as indicated (8). Patients received premedication 30 minutes prior to rituximab infusion with paracetamol 1g IV, loratadine 10 mg per os and methylprednisolone 125 mg IV. Vital parameters of each patient were monitored during and after rituximab infusion. Patients who relapsed were treated with an additional cycle of 2g of rituximab combined with reintroduced or escalated prednisone dose. First-line treatment in all patients included oral prednisone at an initial dosage of up to 1 mg/kg/day tapered off over 6-12 months. In 16 out of 19 patients, a steroid-sparing drug (azathioprine) was also introduced at the dosage between 0.5 mg/kg/day and 2.5 mg/kg/day depending on the activity level of the thiopurine methyltransferase (TPMT) enzyme.



Clinical Response and Adverse Events Assessment

Clinical response was defined by the criteria outlined in the consensus statement on definitions of endpoints and therapeutic response for pemphigus (9). Complete remission off therapy (CROT) was defined as complete epithelialization and absence of new or established lesions while the patient is off all systemic therapy for at least 2 months while complete remission on minimal therapy (CRMT) was defined as the absence of new lesions while the patient is receiving minimal doses of systemic therapy. Partial remission off therapy (PROT) was defined as the presence of transient new lesions that healed within 1 week without treatment and while off all systemic therapy. Minimal therapy was defined as prednisone up to 10 mg/day or azathioprine up to 1.25 mg/kg/day. Relapse was defined as the appearance of at least three new lesions in 1 month that did not heal spontaneously within 1 week or the extension of established lesions in a patient who had previously achieved disease control. Anti-desmoglein 1 (anti-Dsg 1) and anti-desmoglein 3 (anti-Dsg 3) antibody titers were measured at the time of pemphigus diagnosis, before the start of rituximab treatment (baseline) and at months 3, 6 and 12 after receiving rituximab. The primary study outcome was CROT six months after one rituximab cycle. Secondary study outcomes included CROT six months after additional rituximab cycles, levels of anti-Dsg 1 and anti-Dsg 3 titers after one rituximab cycle, relapse rates, the median time to relapse and incidence of treatment-related serious adverse events. Serious adverse events were defined according to the Food and Drug Administration (FDA) definition as any event that is fatal or life-threatening, requires hospitalization or causes disability or permanent damage.



Study Design

We conducted a single-center retrospective study of 19 patients with PV and PF treated with rituximab in our center from October 2015 and March 2021 with at least 6 months of follow-up. This study was conducted in accordance with the Declaration of Helsinki and was approved by the Committee of Ethics of the University Hospital Center Zagreb. The requirement for the acquisition of informed consent was waived due to the study’s retrospective design.



Statistical Analysis

Data were analyzed using statistical packages STATISTICA ver. 12 (StatSoft, Inc., Tulsa, OK, USA) and MedCalc® Statistical Software ver. 20.015 (MedCalc Software Ltd, Ostend, Belgium). Categorical variables were presented as numbers and proportions (%) and continuous variables as mean with standard deviation (SD) or as median with interquartile range (IQR) depending on the distribution. Categorical data were tested using a chi-square test for the differences between groups. Repeated measures ANOVA was used to test for differences in time dynamics of outcome measures between groups. Kaplan-Meier survival analysis was used to test for differences in time to the first event between groups. Logistic regression analysis was used to assess associations with different outcomes. ROC analysis was used to assess the pretreatment level of anti-Dsg with outcomes. P<0.05 was considered statistically significant for all tests, corrected for multiple comparisons.




Results

A total of 19 patients, 16 of them with PV and 3 with PF, received the first cycle of rituximab. There were 14 female and 5 male patients. The median age was 55.3 (M: 55.2,F: 55.4) and the mean disease duration before administration of rituximab was 80.57 months with range from 9 to 221 (Table 1). Two patients achieved CROT (10.5%), six patients achieved CRMT (31.6%), and PR was observed in 10 out of 19 patients (52.6%). One patient died during the follow-up after the first rituximab cycle. Overall, significant improvement was observed in 8 of 19 patients (42.1%).

Eight patients (44.4%) relapsed after the first cycle (p=0.0395); 4 patients who were in PR and 4 patients who were in CR. The mean relapse time was 21 months (range: 6-50). Seven of these eight patients went through the second cycle of rituximab. Six achieved CRMT (85.7%), with one patient achieving CROT (14.3%). Among these seven patients, three relapses were observed after the second cycle (42.8%). They were retreated with a third cycle of rituximab, and all of them achieved CRMT. There were no relapses observed among patients who received the third rituximab cycle by the end of the inclusion period of this study. Figure 1 represents a flowchart describing patients’ clinical response following the administration of rituximab treatments.




Figure 1 | Flowchart describing patients’ clinical response following the administration of rituximab treatments.



The mean remission length after the first rituximab cycle was 20 months. Overall, 13 out of 19 patients experienced complete remission at some point during the study, while there were no non-responders after the rituximab treatment. Patients achieving complete remission had a mean disease duration prior to rituximab of 67 months, against 82 months in those not achieving complete remission. However, the difference was not statistically significant (p=0.40). There were no other statistically significant associations between age, sex, type of disease and clinical remission, either on or off therapy. Patient demographics, including sex and type of disease were not significant predictors of relapse.

All patients in every rituximab cycle were concomitantly receiving corticosteroids with the dose gradually tapered depending on the clinical status. The mean corticosteroid dose per day decreased progressively with each new cycle (31 mg in the first cycle, 21 mg in the second cycle, and 16 mg in the third cycle). Sixteen patients received adjuvant immunosuppressive (azathioprine) during the first cycle. Four patients continued the medication throughout the second, and only one patient received the adjuvant in the third cycle with achieved complete remission on minimal therapy (Table 2).


Table 2 | Concomitant therapy during each rituximab cycle with patient outcomes.



We recorded a steady decrease in anti-Dsg 1 and anti-Dsg 3 levels after rituximab treatment among all patients (Table 3). Mean anti-Dsg 1 and anti-Dsg 3 values dropped at months 3, 6 and 12 following rituximab infusion (Figure 2).


Table 3 | Descriptive statistics for anti-Dsg 1 and anti-Dsg 3.






Figure 2 | Anti-Dsg 1 (A) and anti-Dsg 3 (B) mean values at the diagnosis, before the start of retuximab and at months 3, 6 and 12 after rituximab treatment.



There were no statistically significant associations observed between the baseline levels of anti-Dsg 1 or 3 antibodies and CROT, CRMT or both (p=0.44, p=0.28, p=0.64). No statistically significant association was observed between anti-Dsg 1 or 3 levels and relapse after rituximab treatment (p=0.38).

One adverse event (5.2%) was observed that we attribute to rituximab treatment. A female patient developed cellulitis that was treated with systemic antibiotics. One patient died in the first year of completing a rituximab cycle. However, the cause of death (acute myocardial infarction) is most likely not attributable to rituximab treatment. We did not record any adverse events related to the infusion of rituximab. No serious adverse events, as defined by the FDA, were observed. However, there could be more adverse events that we failed to capture because of the retrospective design and less reporting of side effects as many get treated in the primary or secondary care units. Furthermore, it is difficult to attribute adverse events to rituximab, given that patients were concomitantly receiving other immunosuppressive therapies.



Discussion

Our study showed that rituximab is effective in inducing remission as 68% of pemphigus patients who received rituximab achieved a complete remission at some point during the follow-up period. However, more than one cycle of rituximab therapy is needed to achieve the desired treatment outcome. After the first cycle, complete remission, off or on minimal therapy, was achieved in 31.5% of patients, and after the second rituximab cycle, all patients achieved complete remission, either off or on minimal therapy. This finding is consistent with almost all studies involving the assessment of rituximab efficacy, showing that it effectively induces remission, but with more than one administered cycle, ranging from two to as many as seven in some patients (10).

Rituximab has, until 2020, largely been used as a second or third-line treatment option for PV, and we have used it as such at our Department for the patients involved in this study. However, it has recently been recommended by the international panel of experts, as well as by European guidelines, as a first-line treatment for PV. Among a number of studies related to the use of rituximab as the first vs second-line treatment, several studies reported a higher probability of achieving complete remission when rituximab is used as a first-line agent (11–14). However, contesting these findings are studies that observed no statistically significant difference in achieving complete remission between the two groups (15–18). Among them is a systematic review by Amber et al. reporting no association between the number of previous treatments and clinical outcomes (19). It needs to be highlighted that the findings of the superior effect of rituximab when administered as the first-line therapy may be influenced by the possible presence of more recalcitrant patients who previously relapsed and therefore received rituximab as the second or third-line agent. The absence of Pemphigus Disease Area Index (PDAI) score in the reviewed studies makes it difficult to assess disease severity among patient cohorts who received rituximab as first or second-line treatment impeding us to provide a definite answer to this question. However, studies are showing that patients who received rituximab earlier during the course of their disease had a higher chance of achieving complete remission. Lunardon et al. reported that patients in complete remission had a median disease duration of 19 months compared to 86 months in those not achieving complete remission (20). Furthermore, Balighi et al. found better outcomes in patients treated with rituximab within 6 months of diagnosis (12). In our study, patients achieving complete remission had a mean disease duration of 67 months prior to rituximab therapy, against 82 months in those not achieving complete remission. However, the difference was not statistically significant. The long-term follow up in most published reports cover a period of only about three years after the first rituximab cycle. The study by Shimanovich et al., published in 2020, followed the patients for a notably longer time, with a median of 104 months (8 years and 8 months). They reported that 95% of patients achieved a complete remission at some point, with about 27% of patients achieving long term complete remission off therapy and relapses observed in two-thirds of the patients, as late as 156 months after a successful rituximab cycle (15).

In our study 8 patients (44.4%) relapsed after the first rituximab cycle, which is consistent with the findings from other studies. Wang et al., in their meta-analysis from 2015, reported relapse rates of 2%, 14% and 40% at 6-month, 12-month and overall (21). Conducting the literature review, we found that the relapse rate after the first rituximab cycle ranged from 24% to 65%. Curimbhoy et al. reported that 65% of patients relapsed after the first rituximab cycle, 18% relapsed after the second cycle and 20% after the third administered cycle (22). A similar “crescendo effect” was observed in the study by Shimanovich et al. with a 63% relapse rate after the first rituximab cycle and 41% and 43% after the second and third cycle, respectively (15). We found that 44.4% of our patients relapsed after the first rituximab cycle, 42% after the second, and none after the third cycle supporting the observation that repeated rituximab cycles lead to progressively decreasing relapse rates. The overall relapse rate is difficult to narrow down because of the differences in the follow-up time between the studies. The mean relapse time following rituximab treatment among our patients was 21 months, with one patient relapsing at month 50 after a rituximab cycle. In the literature, the mean relapse time following rituximab therapy was reported between 8 and 24 months (21).

Recent research has also focused on finding relevant prognostic factors for predicting clinical remission and relapse. Assessing the correlation between age, sex, anti-Dsg titer levels, disease duration, and the outcomes of rituximab therapy is of practical interest. With the collected data from our study, we analyzed anti-Dsg 1 and 3 values and tried to see whether the titer levels could serve as an indicator for predicting the clinical outcome. Even though anti-Dsg 1 and 3 levels progressively decreased following each rituximab cycle, we could not establish a statistically significant association between anti-desmoglein titer levels and remission or relapse. The existing data from different studies is somewhat conflicting regarding the role of anti-Dsg 1 and anti-Dsg 3 in predicting treatment outcomes and relapse. In recent years, some studies suggested anti-Dsg 1 as a more valuable marker of clinical outcome than anti-Dsg 3 in pemphigus patients (12, 23). However, the consensus is lacking, as there are studies that find no statistically significant difference between anti-Dsg 1 and 3 in predicting a favorable clinical outcome and relapse (11). The study by Albers et al., which focused on identifying biomarkers predictive of relapse, found that anti-Dsg 3 level had a strong predictive value for relapse among all patients and that positive anti-Dsg 1 level had significant predictive value among patients with the mucocutaneous disease, which is contrary to the previous findings of the role of anti-Dsg1 in pemphigus phenotype (24). This should come as no surprise as there is increasing evidence that antibody specificities and titers do not always correlate to the disease activity and clinical features of pemphigus. Some studies suggest that these discrepancies account for between 36% and 48% of all pemphigus cases (25). The reason for these cases that challenge “desmoglein compensation theory” could be in a distinct set of antibodies to desmoglein and various non-desmoglein antigens (desmocollin, plakins, armadillo proteins, cholinergic receptors, hSPCA1 and antimitochondrial proteins) that each patient develops during the course of the disease (26, 27). Antibodies against these non-desmoglein antigens could maintain disease activity, casting doubts at the attempts to use anti-Dsg 1 and 3 titer levels to predict relapse and remission successfully. Kushner et al., when controlling for age and dosing protocol, revealed that older age (65 and older) was significantly associated with achieving complete remission after rituximab therapy (10). The explanation given for this finding could be in the weakened immune system in elderly patients, making remissions of autoimmune diseases easier to achieve. Toosi et al. analyzed the differences between PDAI scores in patients with or without relapse and found that patients with higher PDAI scores, especially higher mucosal PDAI scores at baseline, may have a higher risk of relapse in the future (11).

It is evident that relapse poses a problem after treatment with rituximab. A plausible explanation for high relapse rates could be in the existence of ectopic lymphoid structures within pemphigus lesions that consist of T and B lymphocytes in various stages of differentiation. The question remains if anti-CD20 treatment substantially depletes B-cells in the pemphigus lesions as the depth of B cell depletion depends on the target tissue (28). Recent findings suggest that locally present ectopic lymphoid structures evade the systemic depletion induced by rituximab and facilitate the resistance of lesions even in the absence of circulating Dsg-autoantibodies. Furthermore, the study by Zhou et al. detected a much higher fraction of Dsg-specific B cells in pemphigus lesions than in peripheral blood, indicating that pemphigus lesions could be a reservoir of B-cells maintaining the disease activity (29). These findings could provide an explanation for relapses after rituximab treatment and a possible future therapeutic target - chemokines that facilitate the migration of B lymphocytes into the skin, or a different treatment modality - intralesional rituximab. Furthermore, hematological dosing protocol for rituximab administration shows a deeper B-cell depletion in the secondary lymphoid tissues than the rheumatoid arthritis dosing protocol (30). Several studies confirm this finding by reporting lower relapse rates among patients receiving hematological dosing protocol (375 mg/m2 body surface area, four infusions one week apart) (22, 31, 32). However, concerns remain regarding the safety and consequences of a complete B-cell clone eradication (19).

Identifying the patients who are more likely to relapse or have a poor response to therapy is beneficial for determining the optimal dosage and timing of maintenance therapy. Eight of our patients who relapsed after the first cycle relapsed between month 6 and month 50 (median: 16 months), which gives clues on the best timing of maintenance rituximab infusion. Considering that half of our patients relapsed in the second year of follow-up, it seems reasonable to give patients a maintenance dose of rituximab at month 12 to prevent these relapses. However, results are lacking on the treatment outcomes of patients who received maintenance therapy making valid counterfactual reasoning if patients who received maintenance therapy would have achieved the same relapse rates. Nevertheless, EADV guidelines on pemphigus management from 2020 recommend maintenance infusion of rituximab at month 6 for patients with severe pemphigus and/or who still have high titers of anti-Dsg antibodies, whereas maintenance infusion at month 12 is considered for all patients in complete remission and in particular for those who have positive anti-Dsg antibodies (7).

A challenge in assessing the treatment outcomes of rituximab is the heterogeneity of definitions, follow-up duration and patient data available among different studies. In order to streamline the reports on rituximab efficacy which would allow for a more robust and reliable comparison between various studies, we recommend following the consensus statement on definitions of disease and endpoints (9). Collecting patient data, such as PDAI scores, and measuring anti-Dsg 1 and 3 levels at 3-month intervals, could provide valuable information in predicting and preventing a relapse, which still comprises a significant problem in the management of pemphigus patients. Further research is needed to establish the optimal rituximab dosing protocol taking into account clinical outcomes, safety and cost-effectiveness of anti-CD20 therapy.

Limitations of our study are the absence of PDAI and/or ABSIS scores and small sample size. Due to the study’s retrospective nature, PDAI or ABSIS scores were not available for all patients, so we decided not to include them in the study. The number of patients is small, but in accordance with the number of newly diagnosed pemphigus patients in Croatia and the number of patients with severe pemphigus referred to our center. Despite these limitations, our study provides important information on the long-term effects of rituximab in a well-defined group of patients treated in a single center with the same treatment regimens.



Conclusion

The results of our study show that rituximab is generally well tolerated and effective in inducing remission among pemphigus patients. The indispensability of rituximab lies in its ability to significantly decrease corticosteroid exposure and corticosteroid-related side effects, making it major progress for pemphigus patients. However, a feature of rituximab therapy is high relapse rates and the need for repeated treatment cycles. The presence of ectopic lymphoid structures in pemphigus lesions and the variety of antibodies involved in the pathophysiology of pemphigus make it difficult to establish a one-size-fits-all approach in the management of pemphigus. Furthering the research into understanding the complete autoantibody profile, not only antidesmosomal, will help establish a personalized pemphigus subtype for each patient, which will open new therapeutic opportunities.
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Case Report: Bullous Pemphigoid Associated With Morphea and Lichen Sclerosus: Coincidental Diseases or Pathogenetic Association?
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Bullous pemphigoid (BP) represents the most common autoimmune bullous disease and is characterized by IgG autoantibodies targeting collagen XVII (BP180). BP has reportedly been occurred in association with other inflammatory skin diseases. Here, we describe the unusual occurrence of BP in a female patient with a concomitant history of generalized morphea (localized scleroderma, LoS) and cutaneous and genital lichen sclerosus (LiS). The occurrence of BP was associated with elevated serum levels of anti-BP180 IgG autoantibodies, which decreased upon clinical remission. Autoimmune bullous diseases and sclerosing dermatitis are immunologically distinct entities, whose association has been rarely described. In this study, we provide a literature review on cases of BP developed in patients with either LoS or LiS. Further, we discussed immunological mechanisms which may have favored the emergence of BP in our patient.
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Introduction

Bullous pemphigoid (BP) is an autoimmune bullous disease that prevalently affects the elderly (1). The pathogenesis of BP is related to IgG autoantibodies targeting collagen XVII, also referred to as BP180, and particularly the non-collagenous domain NC16A. Antibody/antigen binding destabilizes the adhesion function of BP180, induces complement activation and attracts various inflammatory cells, including neutrophil and eosinophil granulocytes, eventually leading to increased expression of inflammatory cytokines and secretion of proteolytic enzymes (2–5). Collectively, these events lead to dermal- epidermal detachment. Antibodies targeting BP230 develop in most BP patients due to intermolecular epitope spreading, but demonstrate pathogenicity in animal models as well as correlation with disease activity in humans (6, 7).

Classic clinical presentation of BP features erythema, urticarial plaques, blisters and erosions; non-bullous variants, including eczematous or prurigo-like forms, have been also described (8). Rare variants include Brusting-Perry pemphigoid (9) and laminin γ1 pemphigoid (10).

The emergence of BP is sometimes precipitated by an external or internal trigger, including drugs (11, 12), vaccines (13), or malignancies (14). Localized forms can also arise on sites of previously damaged skin, e.g. following radiotherapy (15), or surgical procedures (16), and can be followed by generalized spreading (16). Finally, a previous history of an inflammatory skin disease, including psoriasis, atopic dermatitis, and dermatitis herpetiformis, may confer susceptibility to the development of BP (17–19). Here, we discuss a late occurrence of BP in a patient with a long history of morphea (localized scleroderma, LoS) and lichen sclerosus (LiS).



Case Description

In 2019, a 77-year-old woman attended our clinic due to a 1-year history of recalcitrant and pruritic blisters and erosions affecting the forearms. She had a 25-year history of cutaneous and genital Lis combined with generalized LoS, both confirmed by histopathological examination. Over the past years, she was managed with multiple lines of topical and systemic steroids, UVA1 phototherapy (the last cycle in 2014) and methotrexate. When she was referred to us, she was on methotrexate 15mg once a week and oral prednisone 5 mg per day.

Physical examination demonstrated multiple whitish indurated plaques distributed at the trunk, upper and lower limbs, as well as at the genitalia, consistent with the patient’s history of LoS and LiS (Figures 1A–C). Examination of the forearms demonstrated confluent erosions superimposed on skin areas affected by LoS and LiS lesions (Figures 2A, B). There was no evidence of blisters.




Figure 1 | (A) Whitish indurated plaques with slight erythematous border consistent with localized scleroderma; (B) detail of the patient’s trunk, where a whitish indurated lesion could be observed; (C) erythema and scarring around the anogenital area of the patient consistent with lichen sclerosus.






Figure 2 | (A, B) Erosions superimposed on whitish plaques with atrophic epidermis at the right and left upper limbs.



Lab tests did not reveal significant abnormalities. Anti-nuclear, anti-histone and anti-single stranded DNA antibodies were negative. Our diagnostic work-up included light microscopy examination and immunopathological studies to detect either tissue-bound or circulating autoantibodies to epidermal-basement membrane zone (BMZ) antigens.

A biopsy obtained from one of the erosions of the upper left limb showed absence of the epidermis and a dermal inflammatory infiltrate composed of lymphocytes, histiocytes and rare eosinophil granulocytes. A skin biopsy was later obtained from an indurated plaque of the trunk, revealing findings consistent with LoS (Figures 3A, B).




Figure 3 | A skin biopsy from an indurated plaque of the trunk showing (A) epidermal atrophy and (B) thickened collagenous bundles in the reticular dermis (H&E). Direct immunofluorescence taken from the skin near to an erosion of the upper limb showed linear deposition of IgG (C) and C3 (D), consistent with a diagnosis of BP; (E) indirect immunofluorescence of human salt-split-skin showing IgG deposition along the epidermal side of the basement membrane zone.



Direct immunofluorescence (DIF) study from the perilesional skin at the left arm showed a linear deposition of IgG and C3 complement along the basement membrane zone (BMZ) (Figures 3C, D).

Indirect immunofluorescence (IIF) on salt-split-skin (SSS) showed a linear deposition of IgG autoantibodies along the epidermal-BMZ (Figure 3E). Enzyme linked immunosorbent assay (ELISA) showed elevated IgG antibodies to BP180 NC16A IgG (120 UI/mL; reference range below 9 UI/mL), but not to BP230. Collectively, the findings were consistent with a diagnosis of BP.

She was treated with a tapering course of oral prednisone starting from 0.5 mg/kg/day; topical clobetasol ointment twice daily was also added. After a 4-month follow-up, erosions completely healed, and pruritus disappeared (Figures 4A, B).




Figure 4 | (A, B) Significant improvement of the lesions after the introduction of systemic steroids with complete resolution of the erosions after 4 months of treatment.



Serum samples were collected from the patient at 4, 8 and 12 months after treatment, while she was on clinical remission. SSS-IIF tested negative in all the serum samples. Anti-BP180 IgG antibodies were also below the cut-off value.



Discussion

From the immunological and clinical point of view, this case can be regarded as a rare association between an autoantibody-mediated skin disease, such as BP, and sclerosing disorders, such as LoS and LiS. Interestingly, BP lesions were localized to area previously affected by LoS and LiS, without further extension. The patient’s serum demonstrated IgG antibodies exclusively to BP180 NC16A during active BP; these antibodies decreased clearly with steroid treatment and remained below the cut-off value during remission.

The coexistence between LoS, including plaque-type and generalized LoS, and LiS is well known, occurring from 5.8% to 38% of patients with LoS (20, 21). Conversely, we found only two cases of genital LiS (22, 23) and 3 cases of LoS who subsequently developed BP (24–26), including one case following phototherapy (24). Although our patient was previously treated with phototherapy, the long latency time makes unlikely a causal relationship between phototherapy and BP. The development of BP in patients with combined LoS and LiS is to our knowledge previously unreported.

Although they belong to different patterns of cutaneous inflammation (27), there are immunological overlaps possibly explaining the association of LoS and LiS with BP. As an example, T helper (Th) 2-derived cytokines, including interleukin (IL)-4 and IL-13, are implicated in sclerotic disorders such as LoS (28–30) and are also over-expressed in the skin and blood of patients with BP (4, 31); gene polymorphisms of IL-13 have been linked to an increased risk of BP as well as systemic sclerosis (28, 32). Antibodies to BP180 may be increased in patients with vulvar LiS (33–35), although they do not correlate with clinical activity and pruritus (36); moreover, in up to 40% of vulval LS patients, the NC16A domain of BP180 is a target for circulating T cells (37), a phenomenon that has been also reported in patients with lichen planus (38). Finally, the finding of the pemphigoid-predisposing human leukocyte antigen (HLA) haplotype, HLA DQ7, in patients with combined LoS and LiS (39, 40), supports a common genetic background between these diseases, explaining the frequent autoreactivity to BP180 in patients with LiS.



Conclusion

To conclude, we reported a rare case of BP developed in a patient with pre-existing LoS and LiS. We hypothesized that LiS and LoS served as predisposing factors to the development of BP in our patient owing to the frequent T-cell reactivity to BP180 NC16A associated with LiS and the increased Th2-type signaling associated with LoS. An unknown external trigger had possibly induced a transient immunological shift precipitating autoantibody production and BP development. The main limitation of this study is that we were not able to collect peripheral blood samples before the emergence of BP. In fact, it would have been intriguing to analyze T-cell activation and serum autoantibody levels against BP180 during the pre-BP clinical stage. Further, HLA was not tested in our patient.

Finally, along with other experimental and clinical reports in the literature (41), this case suggests that different disease phenotypes, such as sclerosing dermatitis and BP, might be associated with an immune activation against the same autoantigen.
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The autoimmune dermatosis pemphigus foliaceus (PF) is predominantly caused by IgG autoantibodies against the desmosomal cadherin desmoglein (Dsg) 1. The exact mechanisms that lead to the characteristic epidermal blistering are not yet fully understood. In the present study, we used a variety of biophysical methods to examine the fate of membrane-bound Dsg1 after incubation with PF patients’ IgG. Dispase-based dissociation assays confirmed that PF-IgG used for this study reduced intercellular adhesion in a manner dependent on phospholipase C (PLC)/Ca2+ and extracellular signal-regulated kinase (ERK) 1/2 signaling. Atomic force microscopy (AFM) revealed that Dsg1 binding on single molecule level paralleled effects on keratinocyte adhesion under the different conditions. Stimulated emission depletion (STED) super-resolution microscopy was used to investigate the localization of Dsg1 after PF-IgG incubation for 24 h. Under control conditions, Dsg1 was found to be in part co-localized with desmoplakin and thus inside of desmosomes as well as extra-desmosomal along the cell border. Incubation with PF-IgG reduced the extra-desmosomal Dsg1 fraction. In line with this, fluorescence recovery after photobleaching (FRAP) experiments demonstrated a strongly reduced mobility of Dsg1 in the cell membrane after PF-IgG treatment indicating remaining Dsg1 molecules were primarily located inside desmosomes. Mechanistically, experiments confirmed the involvement of PLC/Ca2+ since inhibition of PLC or 1,4,5-trisphosphate (IP3) receptor to reduce cytosolic Ca2+ reverted the effects of PF-IgG on Dsg1 intra-membrane mobility and localization. Taken together, our findings suggest that during the first 24 h PF-IgG induce redistribution predominantly of membrane-bound extradesmosomal Dsg1 in a PLC/Ca2+ dependent manner whereas Dsg1-containing desmosomes remain.




Keywords: pemphigus, signaling / signaling pathways, localization, desmoglein (Dsg), Stimulated Emission Depletion (STED)



Introduction

Desmosomes are complex cell-cell contacts mediating strong intercellular adhesion and can be found in all epithelia, especially in tissue subjected to high mechanical stress like the skin or myocardium (1, 2). They consist of desmosomal cadherins called desmoglein (Dsg) 1-4 and desmocolin (Dsc) 1-3 which are linked via armadillo proteins such as plakoglobin (Pg) and plakophilins to desmoplakin (Dp) that couples the protein complex to the intermediate filament network (3). Dsgs and Dscs are engaging in homo- and heterophilic trans-interactions in a Ca2+ dependent manner to join the intermediate filament networks of two adjacent cells together (4, 5). Although providing mechanical resilience, desmosomes are highly dynamic structures undergoing constant remodeling. Desmosomal cadherins can also be located extra-desmosomal in the cell membrane, which can serve as a pool for shuttling adhesion molecules into or out of desmosomes (6, 7).

Pemphigus is an autoimmune dermatosis characterized by epidermal blister formation and/or mucosal erosions. Genetic factors can increase the susceptibility for pemphigus and influence the intricate pathomechanisms (8, 9). While several antibodies can be found in patients’ sera, the major target antigens in pemphigus are the desmosomal cadherins Dsg1 and Dsg3 (10–12). The antibody profile correlates with the clinical phenotype of the two main variants of pemphigus. Pemphigus foliaceus (PF) patients show mainly antibodies against Dsg1 and blisters in epidermal skin, while mucocutaneous pemphigus vulgaris (PV) is characterized by additional antibodies targeting Dsg3 and blistering of the skin and mucosal erosions (13). It has been shown that fractions of pemphigus patients’ sera targeting only Dsg3 are sufficient to induce loss of keratinocyte adhesion between the basal and spinous layer of the epidermis (acantholysis) in neonatal mice, a hallmark of pemphigus (14). In contrast, in human skin, antibodies against Dsg1 are required to induce acantholysis similar to the situation in patients, indicating that Dsg1 plays an important role for maintenance of epidermal integrity (15). This is supported by animal models where loss of Dsg1 caused lethal skin blisters in superficial epidermis, whose localization is similar to patients with PF (16, 17). The mechanisms of antibody induced acantholysis are manifold and include direct inhibition of desmosomal cadherin binding as well as an activation of numerous signaling pathways such as p38MAPK, PKC, EGFR, PLC and ERK1/2 (18–20). In this regard, desmosomes are suggested to play a key role in serving as signaling hubs (18, 19, 21). Therefore, it was proposed that Dsg1 and Dsg3 mediate autoantibody-specific signaling which may contribute to the different clinical phenotypes in pemphigus (22).

It has previously been shown that Ca2+ signaling plays a key role in PF-IgG induced Dsg1 relocalization and loss of intercellular adhesion (23). However, little is known about Dsg1 intra-membrane dynamics or the adhesion alterations on the single molecule level in this context. In this study, we aim to enlighten the understanding of pemphigus pathogenesis by investigating the fate of Dsg1 in response to PF-IgG regarding its dynamics and intramembrane localization and the involvement of the cytosolic Ca2+ signaling.



Materials and Methods


Cell Culture

Human keratinocyte cells (HaCaT) (24) were cultured according to standard protocols in Dulbecco’s modified Eagle’s medium (DMEM) (Thermo Fisher Scientific, Waltham, MA) containing 1.8 mM Ca2+, supplemented with 10 % fetal bovine serum (Sigma Aldrich, St. Louis, MO ), 50 µg/ml streptomycin (AppliChem, Darmstadt, Germany), 50 U/ml penicillin (AppliChem) at 37 °C in a 5 % CO2 atmosphere.



Mediators and Concentrations

The inositol 1,4,5-trisphosphate (IP3) receptor-mediated Ca2+ release inhibitor xestospongin C (Xesto) (Merck, Darmstadt, Germany) was used at a final concentration of 0.4 µM. To suppress PLC mediated signaling U-73122 (Merck) was used at 4 µM. The MEK1/2 inhibitor U0126 (Cell Signaling Technology, Danvers, MA) was used at 10 µM to suppress ERK1/2 activation. Since all mediators were dissolved in DMSO (Merck), control experiments were conducted in 0.2 % DMSO to match the DMSO concentration caused by treatment with mediators.



Pemphigus Sera and IgG Purification

In this study, sera from two patients were used, one suffering from PF and one from PV, respectively. The diagnose was based on ELISA (Euroimmun, Lübeck Germany), direct immunofluorescence and histology. Clinical background information can be found in Table 1. Patient sera were obtained from the dermatology department of the Philipps University Marburg. Donors gave written consent for research use and a positive vote of the ethics committee from the medical faculty of the University of Marburg was given (Az20/14). Protein A affinity purification was used to obtain IgG fractions from sera of PF and PV patients as well as healthy volunteers as control-IgG (c-IgG) as described previously (25). All IgG were incubated 1:50 in the experiments which resulted in a final concentration of 29 µg/ml c-IgG, 62 µg/ml PF-IgG and 68 µg/ml PV-IgG, respectively, as evaluated using a BCA protein assay kit (Thermo Fisher Scientific) according to the manufacturers protocol. The monoclonal anti-Dsg3 antibody AK23 (Biozol, Eching, Germany) was used at 75 µg/ml.


Table 1 | Clinical background of patient sera.





Dispase-Based Dissociation Assay

HaCaT cells were grown in 24-well plates. After reaching confluency they were pre-incubated for 1 h with respective mediators, then IgG fractions were added for 24 h. Afterwards, cells were washed with Hank’s balanced salt solution and incubated with dispase II solution (>2.4 U/ml dispase II in Hank’s balanced salt solution, Sigma-Aldrich) for 20 min at 37 °C until the cell monolayer detached from the well bottom. An electric pipette (Eppendorf, Hamburg, Germany) was used to apply a defined mechanical stress by pipetting the monolayer 10 times. The resulting fragmentation of the cell layer, which is an inverse measurement for intercellular adhesion, was automatically analyzed using a self-written ImageJ (National Institutes of Health, Bethesda, MD) macro counting all cell fragments larger than 0.0125 mm². The number of fragments in each experimental condition has been normalized to the DMSO c-IgG value.



Fluorescence Recovery After Photobleaching (FRAP)

FRAP studies were performed as described previously (26). Briefly, cells were seeded in eight-well imaging chambers (Ibidi, Martinsried, Germany) and transfected with the plasmid mCherry-Desmoglein1-N-18, a gift from Michael Davidson (Addgene plasmid # 55030; http://n2t.net/addgene:55030; RRID:Addgene_55030) using Turbofect (Thermo Fisher Scientific) according to the manufacturers protocol. 24 h after transfection cells were incubated with respective mediators and IgG fractions for 24 h. FRAP experiments were conducted on an SP5 inverted microscope with a x63 HC PL APO NA=1.2 objective (Leica, Wetzlar, Germany) in a cage incubator (OKOLAB, Burlingame, CA) at 37 °C at constant humidity with 5 % CO2. The FRAP wizard software (Leica) was used to perform and analyze the experiments. Bleaching areas were chosen along the membrane of two transfected neighboring cells. 5 frames were captured to obtain the pre bleach mCherry intensity, followed by bleaching for 10 frames using the 594 nm laser line at 100 % transmission. Recovery of the fluorescence was recorded for 180 s until a stable fluorescence intensity was reached. The fraction of immobile molecules was calculated as

	

with Iplateau being the plateau fluorescence intensity after recovery and Ibleach being the fluorescence intensity after the bleaching step, both normalized to the initial fluorescence intensity.



Atomic Force Microscopy (AFM)

For AFM experiments, an atomic force microscope (Nanowizard IV, JPK Instruments, Berlin, Germany) mounted on an inverted microscope (IX83, Olympus, Tokyo, Japan) was used. AFM cantilevers (MLCT AFM Probes, Bruker, Calle Tecate, CA) were functionalized with recombinant Dsg1-FC as described previously (26, 27). AFM experiments were conducted on living HaCaT cells at 37 °C in DMEM medium containing 1.8 mM Ca2+. After acquisition of a topographic image to identify cell borders, sampling areas of 2 µm x 2 µm over the nucleus and 5 µm x 1.5 µm across cell borders between two cells were selected and force-distance-curves (FDC) were recorded in a pixel-wise manner. For each FDC, the cantilever tip was brought into contact with the cells for 0.1 s with an indentation force of 0.5 nN and then retracted 3 µm at 10 µm/s. The resulting FDCs were analyzed using the JPKSPM Data Processing software (version 6, JPK Instruments) and for each unbinding event the corresponding unbinding force was determined. For each experiment, an interaction probability was calculated as the ratio of FDCs that showed an interaction and the total number of FDCs. For each experiment, the most probable unbinding force was computed by fitting the distribution of the forces with an extreme function of the form    where xc is the most probable unbinding force. After performing measurements on two different cell borders and cell surfaces, cells were incubated for 1 h with IgG fractions and mediators and the measurements were repeated on the same areas as before. Finally, incubation induced changes in interaction probability or force were assessed by determination of the ratio of the post-incubation results and the pre-incubation results.



Triton X-100 Fractionation and Western Blotting

After reaching confluence in 24-well plates, cells were treated with IgG fractions for 24 h. Subsequently, cells were washed twice with ice-cold phosphate-buffered saline (PBS) and lysed in Triton X-100 lysis buffer (0.5 % Triton X-100 (Thermo Fisher Scientific), 50 mM 2-(N-morpholino)ethanesulfonic acid, 25 mM EGTA, 5 mM magnesium chloride, 1 mM phenylmethylsulfonylfluoride, 1 mM aprotinin, 1 mM pepstatin A and 1 mM leupeptin (all from VWR International, Radnor, PA); pH 6.8) on ice for 15 min. Afterwards, cells were scraped from the well bottom and centrifuged for 5 min at 4 °C with 30000xg. The resulting pellet containing the cytoskeletal-bound protein fraction was separated from the supernatant comprising the non-cytoskeletal bound molecules. SDS lysis buffer (12.5 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (Sigma-Aldrich), 1 mM EDTA (VWR International), 12.5 mM sodium fluoride (VWR International), 0.5 % sodium dodecyl sulfate (Sigma-Aldrich) and a protease inhibitor cocktail according to the manufacturer’s instructions (cOmplete, #11697498001, Roche Diagnostics, Mannheim, Germany); pH 7.4) was used to resuspend the pellet. After sonication the protein concentration was determined using a BCA protein assay kit (Thermo Fisher Scientific) according to the manufacturers protocol. The two lysate fractions were then subjected to Western blot analysis according to standard methods (28). Briefly, lysates were mixed at a ratio of 2:1 with modified Laemmli buffer (29) and subsequently heated to 95 °C for 5 min. Proteins were subjected to electrophoresis and afterwards transferred to nitrocellulose membranes (Thermo Fisher Scientific). Primary antibodies used were anti-GAPDH (#sc-47724, Santa Cruz, Dallas, Tx), anti-Dsg3 (EAP3816, Elabscience, Biozol, Eching, Germany), anti-Dp (A7635, ABclonal, Woburn, MA), anti-Dsg1 (AB9812, ABclonal). Horseradish-peroxidase conjugated secondary antibodies (Dianova, Hamburg, Germany) were used with a self-made enhanced chemiluminescence solution to visualize proteins using an iBright™ FL1500 (Thermo Fisher Scientfic). Quantification was carried out in Image Studio software (LI-COR Biosciences, Lincoln, NE). Band intensities were normalized to GAPDH or Dp for non-cytoskeletal or cytoskeletal fractions, respectively. Resulting values were normalized to the corresponding c-IgG value.



pSNAPf-hDsg1 Plasmid Generation

The hDsg1 cDNA was amplified by PCR using the mCherry-Desmoglein1-N-18 construct as a template and the primers in Table 2. The forward primer, AscI-hDsg1-FW, includes the first 22 bases of the open reading frame of the target of interest with an ATG start codon. In addition, AscI restriction site and Kozak consensus sequence, for enhance translation, are introduced to the 5’ end of the primer. The reverse primer comprises besides the target specific sequence with excluded/omitted STOP codon, an AgeI restriction site. Thus, the resulting PCR product contains an AscI restriction site and Kozak consensus sequence at the 5’ end and an AgeI restriction site at the 3’ end of the target sequence for hDsg1.


Table 2 | Primer sequences for pSNAPf-hDsg1 generation.



To improve the efficiency of the restriction digestion of the PCR product, the later was additionally 3’ adenylated and cloned into the pCRTM2.1- TOPO® vector (ThermoFisher Scientific). Afterwards, the target sequence was extracted from the TOPO® vector by digestion with AscI and AgeI restriction enzymes and subcloned into pSNAPf vector (New England Biolabs, N9183S) after linearization with the same restriction enzymes. Thus, the hDsg1 was fused upstream from the SNAP-tag. To ensure that the hDsg1 sequence was correctly introduced into the vector, the resulting plasmid (pSNAPf-hDsg1) was subjected to restriction analyses with either BglII or EcoRI restriction enzymes. The correctness of the construct was further confirmed/verified with sequencing.



Stimulated Emission Depletion (STED) Microscopy

Cells were seeded on #1.5 coverslips (VWR International). In some experiments cells were transiently transfected with a self-made pSNAPf-hDsg1 plasmid using Turbofect (Thermo Fisher Scientific) according to the manufacturer’s protocol. Confluent cells were incubated with mediators and IgG fractions for 24 h and subsequently fixed with 4 % glyoxal solution (30) for 30 min at room temperature. Washing steps were done using PBS. After permeabilization of cells using 0.1 % Triton X-100 in PBS for 10 min and blocking with 3 % bovine serum albumin and 1 % normal goat serum in PBS primary antibodies anti-Dp (#sc-390975, Santa Cruz) and anti-Dsg1 (AB9812, ABclonal) were applied 1:100 in PBS at 4 °C over night. After washing 3 times with PBS, secondary antibodies conjugated with Alexa Fluor-594 (Abcam, Cambridge, UK) or STAR RED (Abberior, Göttingen, Germany) where incubated 1:200 at room temperature for 1 h. In experiments with hDsg1-SNAP transfected cells SNAP-Cell® TMR-Star (S9195S, New England Biolabs, Ipswitch, MA) was used 1:200 at room temperature to label overexpressed Dsg1. Cells were mounted using ProLong Diamond Antifade Mountant (Thermo Fisher Scientific). STED microscopy was performed on a STED-Expert line setup (Abberior). A 100x 1.4 UPlanSApo objective (Olympus) was used, pixel size was set to 20 nm, a 775 nm pulsed laser at 20 % and a 595 nm pulsed laser at 25 % both with a gating time of 800 ps were used to achieve STED effect. Obtained images were analyzed in areas of “railroad-like” Dp staining using the Coloc2 plugin in ImageJ to obtain the Manders overlap coefficient for the Dsg1 and Dp signal.



Analysis and Statistics

Statistical analysis was performed using Prism 8 (GraphPad Software, La Jolla, CA). For comparison of two datasets a two-tailed paired Student’s t-test was performed. For more than two datasets two-way ANOVA corrected by Holm-Sidak’s Post-hoc test was used to determine significance. Significance was assumed for *P<0.05. Error bars represent standard deviation. Images and figures were arranged using Photoshop and Illustrator (Adobe, San José, CA). Micrograph analyzation was done using Image J software (National Institutes of Health).




Results


Suppression of Ca2+ and ERK1/2 Signaling Ameliorates Loss of PF-IgG-Induced Intercellular Adhesion

Desmosomal adhesion has long been shown to be regulated by a variety of signaling pathways and recent studies suggest involvement of Ca2+ signaling in pemphigus pathogenesis (19, 22, 23). In this study, we investigated the effects of IgG fractions from sera from PF patients in vitro in HaCaT cells with respect to possible pathomechanisms. In dispase-based dissociation assays, the loss of intercellular adhesion, which is typical for treatment with pemphigus patients’ IgG fractions, was confirmed (31, 32) (Figures 1A, B). Fully confluent HaCaT cells were treated for 24 h with IgG fractions before being subjected to dissociation assays. Pathogenic PF-IgG and PV-IgG led to a significant increase in fragment numbers compared to incubation with c-IgG from a healthy control donor. In normal human epidermal keratinocytes, it could be shown that inhibition of Ca2+ and ERK1/2 signaling was sufficient to suppress loss of intercellular adhesion in dissociation assays (23). As a next step, we investigated if these effects can also be observed in HaCaT cells. Ca2+ influx was blocked either by inhibition of IP3R activation via xestospongin C (Xesto) or further upstream by blocking IP3 synthesis via PLC inhibition using U-73122. U0126 was used to inhibit ERK1/2 signaling via MEK1/2 activity suppression which is the upstream kinase of ERK1/2. Incubation with mediators started 1 h prior to 24 h IgG treatment and resulted in suppression of fragmentation in response to mechanical stress for pathologic IgG fractions (Figures 1A, B; Supplementary Figures 1A, B). It is worth noting, that overexpression of Dsg1 has no protective effect against loss of cell adhesion induced by PF-IgG (Supplementary Figure 2A, B).




Figure 1 | Pemphigus autoantibody induced loss of cell cohesion can be ameliorated by inhibition of Ca2+ and ERK1/2 signaling; (A) Representative images of monolayer fragments after the application of shear stress of dispase-based dissociation assays of HaCaT cells after 24 h incubation with IgG fractions and mediators. (B) Corresponding quantification to (A); the number of fragments in each experimental condition has been normalized to the DMSO c-IgG value. N ≥ 5; each dot represents one independent experiment. *P < 0.05 in two-way ANOVA; error bars represent standard deviation.



These data demonstrate that pathogenic PF-IgG used in this study were effective to induce loss of adhesion in keratinocytes, a hallmark for pemphigus pathogenicity, similar to PV-IgG containing both antibodies against Dsg1 and Dsg3.



PF-IgG Reduce Dsg1 Binding Probability But Not Single-Molecule Binding Force in Atomic Force Measurements

To investigate whether decreased intercellular adhesion in response to PF-IgG correlates with alterations of Dsg1 binding properties on the single molecule level, atomic force microscopy (AFM) was used. Cantilevers functionalized with the complete recombinant Dsg1 extracellular domain linked to human Fc were used to probe living HaCaT cells as described previously (4). Measurements were conducted as well in an area spanning the cell border (CB) between two cells as on top of a single cell in an area above the nucleus (CS). After measuring single molecule interaction forces and probabilities under baseline conditions, cells were incubated for 1 h with IgG fractions and mediators. Then, measurements were repeated and resulting changes in interaction forces and probabilities were calculated (Figures 2A, B). During all conditions no significant differences in binding force or binding probability between cell border and cell surface areas could be detected. Likewise, the interaction forces did not change in response to c-IgG, PF-IgG alone or in addition with U-73122 or U0126. Regarding the interaction probability, incubation with c-IgG did not lead to alterations in quantitative binding behavior. PF-IgG incubation on the other hand resulted in a substantial reduction in binding probability, roughly halving the number of binding events after PF-IgG incubation. This effect was abolished when PF-IgG was co-incubated with U-73122 or U0126, respectively.




Figure 2 | AFM based single-molecule force spectroscopy reveals reduced Dsg1 interaction upon PF-IgG incubation which can be rescued by blocking of ERK1/2 or PLC signaling. Interaction probability (A) and force (B) of desmoglein 1 coated AFM cantilevers after 1 h incubation with IgG and selected mediators compared to pre-incubation values. Measurements were either conducted across the border of two cells (CB) or on the surface above the nucleus of one cell (CS). N ≥ 3; each dot represents the mean value of ≥800 force‒distance curves from one independent experiment. *P < 0.05 in two-way ANOVA; error bars represent standard deviation.



Taken together, these data demonstrate that in response to PF-IgG Dsg1 molecules become rapidly less available for single molecule measurements, but the interaction force of individual binding events is not altered. This effect can be blocked by inhibiting either Ca2+ or ERK1/2 signaling. Thus, effects of PF-IgG and involved signaling on loss of keratinocyte adhesion is paralleled by loss of Dsg1 binding on the molecular level, in line with the interpretation that Dsg1 adhesion is disturbed by autoantibodies.



PF-IgG Reduce Dsg1 Mobility in the Cell Membrane

To investigate underlying mechanisms for loss of intercellular adhesion after PF-IgG incubation, we analyzed Dsg1 dynamics using FRAP (33). Cells were transiently transfected with Dsg1-mCherry and treated for 24 h with mediators and IgG fractions. After bleaching of Dsg1-mCherry signal at the cell border between two transfected cells the immobile fraction of molecules was determined. Incubation with PF-IgG drastically increased the pool of immobile Dsg1-mCherry molecules in the cell membrane (Figures 3A–C). Incubation with signaling pathway inhibitors led to no change in immobile fraction when treating the cells with c-IgG. However, the inhibitors Xesto and U-73122 but not U0126 were effective to abolish the increase in immobile fraction in response to PF-IgG. Taken together, these results indicate involvement of Ca2+ but not ERK1/2 signaling in modulation of membrane bound Dsg1 mobility.




Figure 3 | Fluorescence recovery after photobleaching of Dsg1-mCherry is impaired after incubation with PF-IgG but can be rescued by blocking of PLC or Ca2+ signaling. (A) Representative images of fluorescence recovery after photobleaching (FRAP) time series. Cells were incubated for 24 h with IgG fractions and mediators. A part of the cell membrane between two neighboring cells is recorded, then the area marked with the red box is bleached with the laser as apparent by the drop in fluorescent intensity and the recovery of the fluorescence is monitored over 3 minutes. Scale bar: 5µm. (B) Corresponding fluorescence intensity recovery curves to (A); normalized to pre-bleach intensity. (C) Quantification of the average fraction of immobile Dsg1-mCherry molecules as calculated from fits to fluorescence recovery curves. N ≥ 3; each dot represents the mean of ≥3 FRAP experiments in ≥3 different cell pairs of one independent experiment. *P < 0.05 in two-way ANOVA; error bars represent standard deviation.





PF-IgG Lead to Redistribution of Membrane-Bound Dsg1

To further explore the fate of Dsg1 in response to PF-IgG, STED microscopy was performed to optically differentiate between desmosomal and extra-desmosomal Dsg1. To this end, cells were transiently transfected to overexpress Dsg1 to correlate the results with the findings of Dsg1 overexpression in FRAP experiments. The high spatial resolution of STED images allowed us to use Dp immunostaining to identify single desmosomes, clearly recognizable due to the “railroad track”-like appearance Dp exhibits when localized in desmosomes (34). Cells treated with c-IgG for 24 h showed regularly formed desmosomes and Dsg1 staining was colocalized with Dp, indicating desmosome-bound Dsg1, as well as outside the desmosomes along the cell membrane (Figure 4A). Incubation with PF-IgG on the other hand increased colocalization of Dsg1 with Dp with apparently less extradesmosomal Dsg1. Evaluation of the Manders overlap coefficient (35) along cell borders showing desmosomes resulted in an unchanged probability for Dp signal to be colocalized with Dsg1 signal in response to PF-IgG incubation (Figure 4B left). However, PF-IgG treatment led to an increased probability of Dsg1 signal to overlap with Dp signal (Figure 4B right).




Figure 4 | Incubation of PF-IgG leads to redistribution of membrane-bound, overexpressed Dsg1 in HaCaT cells. (A) Representative immunostainings of HaCaT cells overexpressing desmoglein 1 (Dsg1) and incubated 24 h with IgG fractions, stained for desmoplakin (Dp) and overexpressed Dsg1. Scale bar: 1 µm. (B) Manders overlap coefficient of Dp with Dsg1 (left) and Dsg1 with Dp (right). N=4; each dot represents the mean of >5 acquisitions from one independent experiment. *P<0.05 in two-tailed paired Student’s t-test; error bars represent standard deviation.



These results imply that PF-IgG incubation results in a redistribution of membrane-bound Dsg1 rather than of Dp.



PF-IgG Induced Redistribution of Dsg1 Is Dependent on Ca2+ Signaling

Thereafter, we assessed if endogenous Dsg1 behaves comparable to over expressed Dsg1 in this regard. After reaching confluency, cells were treated with IgG fractions for 24 h and stained for Dsg1 and Dp (Figure 5A). STED microscopy revealed the same Dsg1 distribution pattern as described above for overexpression of Dsg1. Dsg1 can be found ubiquitous along the cell membrane if treated with c-IgG but shows significantly enhanced colocalization with Dp after PF-IgG incubation. Co-incubation of PLC inhibitor U-73122 with IgG fractions abolished the effects of PF-IgG on Dsg1 relocalization leading to more uniformly distributed Dsg1 signal along the cell membrane (Figure 5B). Taken together, these findings support the notion that Ca2+ signaling plays a crucial role in cellular PF-IgG response.




Figure 5 | PF-IgG induced redistribution of Dsg1 within the cell membrane can be prevented by PLC inhibition. (A) Top: Representative immunostainings of HaCaT cells stained for desmoglein 1 (Dsg1) and desmoplakin (Dp), incubated 24 h with IgG fractions and DMSO as control. Scale bar: 1 µm. Bottom: Manders overlap coefficient of Dp with Dsg1 (left) and Dsg1 with Dp (right). N=3; each dot represents the mean of >3 acquisitions from one independent experiment. *P<0.05; error bars represent standard deviation (SD). (B) Top: Representative immunostainings of HaCaT cells stained for Dsg1 and Dp, incubated 24 h with IgG fractions and U-73122. Scale bar: 1 µm. Bottom: Manders overlap coefficient of Dp with Dsg1 (left) and Dsg1 with Dp (right). N=3; each dot represents the mean of >3 acquisitions from one independent experiment. *P<0.05 in two-tailed paired Student’s t-test; error bars represent standard deviation.



Because the data conclusively demonstrate that PF-IgG within the first 24 h predominantly caused a redistribution of extradesmosomal Dsg1 and it was shown that depletion of Dsg molecules under some experimental conditions can be studied using protein fractionation (36), we studied whether PF-IgG resulted in an uncoupling of Dsgs from the cytoskeleton. Therefore, we performed Triton X-100 fractionations and visualized protein fractions with Western blot analyses (Figures 6A, B). Neither PF-IgG nor PV-IgG incubation for 24 h showed significant alterations of Dsg1 or Dsg3 localization in Triton X-100 soluble or non-soluble lysate fractions compared to c-IgG treatment. These results indicate that the proteins amounts of Dsg1 and Dsg3 localized in both the cytoskeleton-bound desmosomal fraction and the non-cytoskeleton-bound extradesmosomal fraction do not change significantly during 24 h of autoantibody incubation.




Figure 6 | Pemphigus IgG fractions do not induce changes in the distribution of Dsg1 and Dsg3 with respect to cytoskeletal anchorage. (A) Representative Western blot of Triton X-100 (Tx-100) fractionations of HaCaT cells incubated for 24 h with IgG fractions. (B) Corresponding quantification to (A). Band intensities were normalized to GAPDH or desmoplakin (Dp) for non-cytoskeletal or cytoskeletal fractions, respectively. Resulting values were normalized to the corresponding c-IgG value. N=4; error bars represent standard deviation.






Discussion

Pemphigus is a rare disease and its treatment currently is mainly focused on systemic immunosuppression (37). More specific treatments are urgently needed and some compounds seem to be promising candidates, including an inhibitor of MEK1/2 which is upstream of ERK1/2 signaling (38). Since the exact pathomechanism in pemphigus remains elusive, we attempted to further investigate the role of Dsg1, as antibodies directed against Dsg1 appear crucial for skin blistering in pemphigus (39). In this study, we employed a combination of powerful biophysical techniques such as life cell AFM, FRAP and super resolution STED microscopy and identified PLC and therefore Ca2+ signaling to play a crucial role in relocalization of extradesmosomal Dsg1 in response to PF-IgG. PLC signaling has long ago been shown to be involved in pemphigus IgG-induced signaling in cultured keratinocytes and most recently was demonstrated to contribute to acantholysis and keratin uncoupling from desmosomes in human skin (23, 40, 41).

Our data confirmed pathogenicity of the employed IgG fractions using dispase-based dissociation assays (23, 31, 32, 42). By suppression of Ca2+ signaling via PLC and IP3 receptor inhibition we were able to rescue intercellular adhesion in response to pemphigus IgG. Similarly, inhibition of ERK1/2 was sufficient to maintain cell cohesion after exposure to pathogenic IgG. These results are in good accordance with previously published studies (42). Because changes in keratinocyte adhesion were paralleled by alterations in Dsg1 binding frequency on the molecular level as revealed by AFM, these experiments indicate that PF-IgG presumably reduce cell adhesion by targeting Dsg1 in a manner dependent on both PLC/Ca2+ and ERK1/2. Thereafter, we investigated the dynamics of Dsg1 in the cell membrane using FRAP. We observed a striking decrease in Dsg1 mobility after PF-IgG treatment. One reason for this, which would also be compatible with the results obtained by AFM, might be an internalization of Dsg1 molecules, as often observed (43, 44). This would result in the remaining Dsg1 proteins being localized to the desmosomes and thus strongly restricted in their movement. These effects could be ameliorated by inhibition of PLC or IP3 receptor but interestingly not via inhibition of ERK1/2 even though it was sufficient to prevent cell sheet fragmentation in dissociation assays and loss of Dsg1 binding as detected by AFM. One may conclude that desmosome adhesion is regulated by several pathways including PLC/Ca2+ and ERK1/2 whereas relocalization of extradesmosomal Dsg1 after PF-IgG treatment is ERK1/2-independent. This is interesting because it was suggested that antibodies against Dsg1 activate both pathways by using Dsg1 as adhesion-dependent signaling receptor (31). Indeed, PLC and its upstream kinase PI4-kinase have been found to be associated with Dsg1 (23).

It has been shown by AFM that PF-IgG lead to a redistribution of Dsg1 molecules from cell borders to the cell surface, at least in murine keratinocytes, in response to PF-IgG (45). However, we did not find similar redistribution of Dsg1. These discrepancies could be explained either by the different cell species or by differences in PF-IgG composition since patient’s sera may contain a multitude of different antibodies which might contribute to pathogenic effects (46) as well as it has been shown that depending on the stage of the disease the autoantibodies recognize different epitopes of Dsg1 (47). The same holds true for other studies which described a reduction of Dsg1 in the Triton X-100 soluble pool, i.e., non-cytoskeletal anchored Dsg1, an effect we were not able to observe (44). It is likely that this difference, which previously also was noted for Dsg3 in fully confluent HaCaT cells compared to subconfluent keratinocytes (36, 48), is due to different maturation states of desmosomes as has been shown in a study comparing different culture conditions and time points after Ca2+-induced desmosome formation (49). Using super resolution microscopy, we confirmed our hypothesis derived from FRAP experiments that Dsg1 remains in desmosomes and during the first 24 h mainly is depleted from extradesmosomal sites. This was validated for both endogenous and overexpressed Dsg1 levels. In both cases PF-IgG led to a clearly visible confinement of Dsg1 to desmosomes whereas it was ubiquitously distributed along the membrane under control conditions. Consistent with FRAP results inhibition of PLC abolished this effect, indicating that PLC is involved in mediating altered Dsg1 dynamics and localization. These results obtained by STED support the observation from Triton X-100 mediated protein extraction that Dsg1 in the cytoskeletal-bound fraction, which comprises the majority of Dsg1, was not altered. However, the relatively small amount of Dsg1 in the cytoskeletal-unbound fraction was also not altered by incubation with PF-IgG although FRAP and STED experiments indicated depletion of extradesmosomal Dsg1. The same has been described in cardiomyocytes under conditions of enhanced intercellular adhesion where Dsg2 translocates to cell junctions together with Pg and Dp (50, 51). An explanation would be, that during final steps of desmosome formation and maturation Dsg molecules coupled to Dp and intermediate filaments become trapped in desmosomes whereas the cytoskeletal anchorage is not changed which has been described recently for hyper-adhesion (52). Alternatively, it has to be noted that the Triton X-100-soluble Dsg1 pool contains also molecules removed from the cell membrane into cytoplasmic vesicles which also would account for a reduced mobile fraction in FRAP.

Altogether, these data support a crucial role of PLC/Ca2+ and ERK1/2 signaling for regulation of Dsg1-mediated binding in PF pathogenesis and suggest that PLC/Ca2+ besides adhesion also controls extradesmosomal Dsg1 localization. If it is true that extradesmosomal Dsg contacts serve as signaling molecules (19) it can be concluded that autoantibodies in pemphigus during the first 24 h after binding cause signaling and interfere with assembly of new desmosomes before intact desmosomes become disassembled or down-regulated (53).
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Supplementary Figure 1 | AK23 shows similar decrease in intercellular adhesion as PF-IgG and PV-IgG in dispase-based dissociation assays. (A) Absolute number of fragments corresponding to Figure 1B. (B) Top: Quantification of dispase-based dissociation assays on HaCaT cells after 24 h incubation with IgG fractions and AK23. N=4; each dot represents one independent experiment. *P < 0.05 in one-way ANOVA vs. c-IgG; error bars represent standard deviation. Bottom: Representative images of monolayer fragments.

Supplementary Figure 2 | Overexpression of Dsg1 does not alter intercellular adhesion in dispase-based dissociation assays. (A) Representative images of monolayer fragments after the application of shear stress of dispase-based dissociation assays of HaCaT cells 48 h after transfection and after 24 h incubation with c-IgG or PF-IgG, respectively. Cells have either been transfected with no plasmid (Mock), pSNAPf-hDsg1 (SNAP) or mCherry-Desmoglein1-N-18 (Cherry), respectively. (B) Corresponding quantification to (A); Left: The number of fragments in each experimental condition has been normalized to the c-IgG Mock value. Right: Absolute number of fragments; N=3; each dot represents one independent experiment. *P < 0.05 in two-way ANOVA; error bars represent standard deviation.
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Background

Immunoglobulin G (IgG) levels are maintained by the IgG-recycling neonatal Fc-receptor (FcRn). Pemphigus vulgaris and pemphigus foliaceus are debilitating autoimmune disorders triggered by IgG autoantibodies against mucosal and epidermal desmogleins. Recently, a phase 2 clinical trial (NCT03334058; https://clinicaltrials.gov/NCT03334058) was completed in participants with pemphigus using efgartigimod, an FcRn inhibitor, in combination with prednisone. Efgartigimod demonstrated an early effect on diease activity and was well tolerated. In addition to the safety and efficacy assessment, clinical trials present an opportunity to gain more insights into the mechanism of disease, the mode of action of treatment, and potential for corticosteroid-sparing activity.



Objective

The aim of our study was to assess the impact of FcRn antagonism by efgartigimod on immunological parameters known to be directly involved in pemphigus pathology, such as cellular and serological responses.



Methods

We investigated total and antigen-specific IgG subclass level kinetics during and after treatment, assessed antigen-specific B-cell responses, followed T- and B-cell immunophenotypes, and analyzed how different immunophenotypes link to clinical response.



Results

Treatment resulted in reduction of total IgG as well as autoreactive IgG antibody levels. Surprisingly, unlike total IgG and vaccine- or natural-infection-elicited IgG, which returned to baseline levels after stopping efgartigimod treatment, autoreactive antibody levels remained low in several study participants. Efgartigimod showed no effect on total leukocytes, neutrophils, monocytes, or lymphocytes in patients treated with extended efgartigimod therapy. Intriguingly, antigen-specific analyses revealed a loss of desmoglein-specific B cells in several participants responding to efgartigimod, in line with prolonged reduction of pathogenic IgG levels.



Conclusions

Efgartigimod treatment of participants with pemphigus improved their conditions and exerted an immunomodulatory effect beyond the blockade of IgG recycling. Further studies in larger populations with an appropriate placebo control are needed to confirm these potentially important observations to establish long-term clinical responses in autoimmune diseases.





Keywords: pemphigus vulgaris (PV), pemphigus foliaceus (PF), efgartigimod, immunoglobulin G, FcRn, B cells



Introduction

Autoimmune diseases increasingly affect the human population and present significant healthcare burden, particularly in Western societies (1). It is estimated that more than 2.5% of the population is affected by autoantibody-driven autoimmune diseases (2) where autoreactive antibodies are directly pathogenic.

The presence of autoantibodies can be reduced, in principle, by B cell-depleting therapies such as rituximab, which has proven effective in a number of immunoglobulin G (IgG)-mediated autoimmune disorders (3) including pemphigus (4, 5). However, the emergence and prolonged existence of autoantibodies in general is a result of complex immune signaling linked to breaking of tolerance, possibly due to normal immune response turning cross-reactive and thereby attacking host proteins. This process involves multiple cells and pathways (6), including T lymphocytes and innate immune cells and most likely affinity maturation, providing the means for the development of cross-reactivity. It is now recognized that dysfunctional T lymphocytes facilitate B-cell autoimmune responses (7, 8), and B cells play a reciprocal role in CD4+ T-cell activation (9, 10). For example, pathogenic IgG autoantibodies frequently show clear signs of affinity maturation suggestive of CD4+ T cell-driven autoimmune B-cell response (11). B cells, in turn, can stimulate T cells by acting as antigen-presenting cells (APCs) or by producing pro-inflammatory cytokines (9, 10, 12, 13). Once the autoimmune response with the production of pathogenic autoantibodies has fully developed, it can be efficiently self-maintained by continuous activation of autoreactive B cells leading to constant formation of short-lived plasma cells, long-lived plasma cells, or both (14).

IgG autoantibodies can be pathogenic by directly blocking molecular interactions in the hosts (Fab-mediated) and/or by Fc-mediated effector functions involving complement or Fc receptors (15) and by promoting activation of T cells (16). Autoantigen uptake and presentation by APCs, fueled by the autoantibodies themselves through Fc-receptors [classical FcγR (17) but also the neonatal Fc receptor (FcRn) (18)] and/or complement-mediated uptake (19), may also reinforce inflammation and autoantibody production. Various therapeutic approaches targeting disparate immune components are therefore extensively tested in autoimmune diseases including pemphigus (20).

Pemphigus has been attributed to autoantibodies targeting desmogleins (Dsg), a group of transmembrane desmosomal glycoproteins ensuring the structural integrity of the epidermis. Pemphigus vulgaris (PV) is primarily caused by Dsg-3-specific antibodies, while pemphigus foliaceus (PF) is caused by antibodies targeting Dsg-1 (21). Despite our increasing understanding of the molecular mechanism driving autoimmune diseases, broad systemic immunosuppression is still the predominant treatment, although it is associated with adverse events ranging from direct toxicity to increased risk of infection (22, 23).

Antagonizing the FcRn, a major histocompatibility complex class I-like molecule involved in the recycling of IgG, and thereby responsible for the long half-life of IgG (24, 25), has been explored as a strategy to treat IgG-mediated autoimmune diseases such as generalized myasthenia gravis (gMG) (26), immune thrombocytopenia (ITP) (27), or pemphigus (28). Efgartigimod is an Fc fragment derived from human IgG1 engineered for increased affinity for FcRn, thereby outcompeting endogenous IgG leading to its degradation (24). FcRn inhibition shows clinical efficacy that is linked to early removal of pathogenic IgG autoantibodies from the circulation. However, the effect of prolonged suppression of pathogenic IgG has not been extensively studied yet. Nevertheless, sustained suppression of IgG by efgartigimod for up to 34 weeks has been explored in participants with pemphigus in a phase 2 trial and proven to afford lasting clinical benefit while remaining well tolerated (28).

Results from the phase 2 trial of efgartigimod in participants with pemphigus have been previously reported (28). Briefly, disease control (DC; defined as no new lesions and established lesions starting to heal) was achieved in 28 of 31 (90%) participants after a median time of 17 days. In cohort 4, end of consolidation (EoC, defined as the time at which no new lesions have developed for a minimum of 2 weeks and the majority, i.e., approximately 80% of established lesions, have healed) was achieved in 11 of 15 (73%) participants after a median of 43 days. Complete clinical remission (CR; defined as the absence of new lesions and established lesions completely healed), measured only in cohorts 3 and 4, was achieved in 14 of 22 (64%) participants after a median of 92 days while receiving a median daily dose of 0.26 mg/kg of prednisone. Efgartigimod was well tolerated overall and most adverse events were mild to moderate in intensity. Total serum IgG as well as anti-Dsg-1/3 levels were suppressed during treatment. However, after treatment discontinuation, IgG levels rose to baseline while anti-Dsg-1/3 remained suppressed (70% reduction from baseline for anti-Dsg-1, and 42% reduction for anti-Dsg-3) (28). Therefore, we hypothesized that long-lasting removal of autoantibodies via FcRn inhibition may alter autoimmune signatures and restore immune homeostasis.

In order to further understand this phenomenon, we performed this secondary analysis of the phase 2 trial participants to investigate autoreactive and protective antibody titers as well as B-cell and T-cell phenotypes from peripheral blood of efgartigimod-treated participants.



Methods


Study Design and Treatment Intervention

Extended treatment with efgartigimod and concomitant low-dose prednisone was gradually introduced in an open-label, adaptive phase 2 trial in participants with mild to moderate PV or PF (ClinicalTrials.gov: NCT03334058). Seven participants (7 PV) were treated for 15 weeks in cohort 3 and 15 participants (8 PV, 7 PF) were treated up to 34 weeks in cohort 4 as reported earlier (28). PV or PF diagnosis had to be confirmed by positive direct immunofluorescence and positive indirect immunofluorescence and/or Dsg-1/3 ELISA. Participants were either newly diagnosed or relapsing, with mild to moderate disease severity (pemphigus disease area index [PDAI] <45 at baseline) (29). The treatment period was preceded by a screening period of up to 3 weeks and followed by a treatment-free follow-up period of 10 weeks. In cohort 3, intravenous (i.v.) efgartigimod was administered weekly at 10 mg/kg for 4 weeks as induction followed by administrations every other week for 12 weeks as maintenance period. In cohort 3, efgartigimod could be initiated as monotherapy or in combination with 20 mg/day of prednisone at the discretion of the investigator, and prednisone could be tapered starting in the maintenance period. In cohort 4, i.v. efgartigimod was dosed weekly at 25 mg/kg body weight until EoC, defined as the time at which no new lesions have developed for a minimum of 2 weeks and the majority, i.e., approximately 80% of established lesions have healed. Thereafter, participants were dosed every other week. In cohort 4, efgartigimod was initiated with concomitant prednisone (20 mg/day) in all newly diagnosed participants and relapsing participants off therapy, or at the tapered dose at which relapse occurred. The oral prednisone dose could be tapered as of EoC. No other systemic treatments for pemphigus were permitted during the study, but topical corticosteroids, analgesics, and supportive care for corticosteroid therapy (e.g., vitamin D, proton-pump inhibitors, and specific diets) were allowed (28).



Ethics

The study was conducted in accordance with the Good Clinical Practice guidelines, in conformity with the ethical principles of the Declaration of Helsinki and was compliant with all relevant country-specific laws. The study protocol and all other appropriate study-related information were reviewed and approved by the ethics committees or institutional review boards of every participating center.



Photography

Photography was conducted as routine practice for documenting dermatological conditions in medical practice. Additional participant consent was obtained for sharing anonymized participants’ pictures with the sponsor.



Immunoglobulin Assays

Pharmacodynamic analysis included determination of serum levels of total IgG, IgG subclasses, and anti-Dsg-1 and -Dsg-3 autoantibodies by ELISA (Euroimmun, Germany). Serum levels of protective vaccine antibodies against tetanus toxoid (TT; Indirect EIA, Virotech), varicella zoster virus (VZV; CLIA, Diasorin), and pneumococcal capsular polysaccharide (PCP; EIA, The Binding Site Group) were measured for all participants. A customized Addressable Laser Bead ImmunoAssay (ALBIA) test was performed to determine the anti-Dsg-3 IgG subclasses at different time points. The ALBIA method used was previously described (30). Briefly, 20 μg of anti-HIS antibody (clone HIS.H8) was coupled to 1.25 × 106 fluorescent Bio-Plex R COOH-microspheres (Bio-Rad, USA) with the Bio-PlexR amine coupling kit (Bio-Rad) according to the manufacturer’s protocol. After coupling, coated beads were either used immediately or stored at −20°C in the dark. Before use, 100 ng of recombinant Dsg-3 expressing a 6×His Tag were incubated with 1,000 beads for 15 min at room temperature (RT) and then washed. Immediately prior to their use, coated beads were vigorously agitated for 30 s. Then, 10 μl of beads (containing 1,000 beads) was added to 100 μl of participants’ or control serum diluted 1/100 in PBS with Ca2+ and Mg2+ supplemented with 1% FCS, in Bio-Plex Pro Flat bottom plates (Bio-Rad). Plates were incubated for 1 h 30 min at RT in the dark on a plate shaker at 850 rpm. Blank (no serum), negative controls (healthy donor serum), and positive controls (human anti-Dsg-3 positive serum) were included in every assay. Beads were collected with a magnetic washer (Bio-Rad) and washed three times with 150 μl of PBS 1× containing 0.1% Tween-20. Biotinylated mouse anti-human IgG-subclass specific secondary antibody (Southern Biotech, USA) was added (at 1/125 dilution for anti-IgG1 and for anti-IgG2, at 1/200 dilution for anti-IgG3 and for anti-IgG4) for 45 min at RT under shaking. After washing, beads were incubated with 50 μl of streptavidin-R-phycoerythrin at 1/400 dilution for 15 min. Finally, beads were resuspended in 100 μl of PBS and mean fluorescence intensity (MFI) was determined on a Bio-PlexR apparatus using the Bio-PlexR Manager Software 4.0 (Bio-Rad). The anti-Dsg-3 IgG subclass serum levels were determined with the following formula: (MFIserum/MFICalibrator) × 100, in which the calibrator was an anti-DSG3 positive control used on every analysis and set to 100 arbitrary units (AU). For determination of Dsg-3-reactive antibodies, the positivity threshold was set at the mean value obtained from 36 healthy donors plus 2 standard deviations. EUROIMMUN anti-Dsg-1 ELISA (Euroimmun, Germany) with modifications to the detection system was employed to identify anti-Dsg-1 IgG subclasses. Rabbit anti-human IgG HRP detection antibody was replaced by anti-human IgG1 or anti-human IgG4 biotinylated (Southern Biotech, USA), followed by streptavidin HRP used at 1/10,000 dilution to detect Dsg-1 specific IgG subclasses and used at 1/10,000 dilution. CIC-C1q EIA kit (A001, Quidel) was employed to detect levels of C1q-associated IgG aggregates (circulating immune complexes [CIC]) in sera of selected participants at different time points according to the manufacturer’s protocol. Calibrators provided by the kit were used to determine expression level.



Isolation of Peripheral Blood 	Mononuclear Cells

A total of 60–80 ml of whole blood was collected into 10 BD Vacutainer CPT tubes, remixed immediately and centrifuged within 2 h of blood collection at room temperature to separate peripheral blood mononuclear cells (PBMCs) and red blood cells. Following centrifugation, PBMCs were resuspended into the plasma and transported to the analytical laboratory of the Department of Dermatology at the Philipps University Marburg, Germany, within 24 h. Upon sample receipt, tubes were subjected to PBMC purification, flow cytometry analysis, and cryopreservation of the remaining cells.



Phenotypic Profiling by Multiparameter Flow Cytometry and Detection of Dsg-3-Specific B Cells

PBMCs were washed twice with PBS supplemented with 1% FCS and 1 × 106 cells were stained for T and B lymphocyte subset analysis including detection of Dsg-3-specific B cells as previously described (13). The following antibodies were used for T lymphocyte panel analysis: mouse anti-human CD4 (RPA-T4, BioLegend), mouse anti-human CD45RA (HI100, BioLegend), mouse anti-human CXCR5 (J252D4, BioLegend), mouse anti-human CD25 (M-A251, BioLegend), mouse anti-human CD127 (A019D5, BioLegend), mouse anti-human CXCR3 (G025H7, BioLegend), and mouse anti-human CCR6 (G034E3, BioLegend). The gating strategy is shown in Supplementary Figure 1A for one representative participant. The following antibodies were used for B-cell panel analysis: mouse anti-human CD45 (2D1, BioLegend), mouse anti-human CD19 (HIB19, BioLegend), mouse anti-human CD27 (M-T271, BioLegend), mouse anti-human CD38 (HB-7, BioLegend), mouse anti-human CD24 (ML5, BioLegend), mouse anti-human IgM (MHM-88, BioLegend), mouse anti-human IgD (IA6-2, BioLegend), and mouse anti-human CD138 (MI15, BioLegend). The gating strategy is shown in Supplementary Figure 1B for one representative participant. AlexaFluor 647-labeled recombinant human Dsg-3 (extracellular domain, aa 1-566), produced in the baculovirus expression system (31), was included in a separate B-cell staining panel. AlexaFluor 647-labeled recombinant collagen 7, produced in the same way as Dsg-3, was used as a control for a non-specific binding. The gating strategy is shown in Supplementary Figure 1C for one representative participant.



Dsg-Specific B-Cell Detection Using ELISPOT Assay

The frequencies of circulating total IgG and Dsg-specific IgG-antibody secreting cells (ASCs) were determined by human IgG ELISPOT Basic (Mabtech, Sweden) as described (32). In brief, PBMCs from participants in the trial were pre-stimulated with R848 (1 μg/ml) and rhIL2 (10 ng/ml) in complete medium (RPMI-1640 supplemented with 10% FCS, 2 mM L-glutamine, 100 U/ml penicillin, and 100 μg/ml streptomycin [Thermo Fisher Scientific]) in 24-well plates for 72 h at 37°C. Plates of ELISPOT MAIPS-4510 (Merck Millipore, Germany) were coated overnight at 4°C with anti-IgG human antibody. Plates were washed and blocked with complete medium before use. Pre-stimulated PBMCs were washed, resuspended in complete medium, and transferred to the plate, and then incubated for 24 h with 1 × 105 to 4 × 105 PBMCs per well to detect anti-Dsg-1 and -Dsg-3 IgG-secreting ASC, and with 2.5 × 103 to 1 × 104 PBMCs per well to detect total IgG-ASC. IgG-ASCs were detected by addition of biotinylated mouse IgG anti-human IgG. Frequency of anti-Dsg-1 or anti-Dsg-3 IgG ASC was calculated after incubation for 2 h with histidine-tagged recombinant Dsg-1 or Dsg-3 proteins (1 μg/ml) in PBS with Ca2+ and Mg2+. Biotinylated anti-histidine antibodies (0.5 μg/ml) (Abcam, United Kingdom) were then added. Streptavidin-conjugated peroxidase and tetramethylbenzidine as substrate were used to detect spots. The number of spots were determined using ELISPOT Plate Readers and ImmunoSpot software (CTL Europe GmbH, Germany). Results were expressed as frequencies of Dsg-specific IgG-ASC among total IgG-ASC. The sensitivity and specificity of the ELISPOT assay were estimated at 1 Dsg-3-specific ASC/105 total ASC, and 100%, respectively.



Statistical Analyses

Descriptive statistical methods were used to analyze data. Summaries (mean, standard error, median, and range) were plotted graphically by study days/time points.




Results


Sustained Clinical Response and Autoantibody Suppression

The characteristics of participants with PV and PF in cohorts 3 and 4, who received extended treatment with efgartigimod (15 and up to 34 weeks, respectively), are shown in Table 1. Figure 1A shows the clinical outcomes of the patients. Nine participants in cohort 4 (participants 1, 3, 4, 5, 7, 8, 9, 11, and 12) reached CR at any point during the trial while receiving efgartigimod (until day 239) and low-dose prednisone, of which six (participants 1, 4, 5, 7, 8, and 9) were in CR at the end of the study (end of 10-week efgartigimod-free period). Four participants reached complete clinical remission on minimal therapy (CRmin), defined as the absence of new or established lesions while the patient is receiving minimal therapy where minimal therapy is defined as less than or equal to 10 mg/day of prednisone (or the equivalent) for at least 2 months (33), at any point during the study. Participant 3 exhibited low disease activity with a PDAI activity score of 3 following CR and two participants (11 and 12) relapsed to a PDAI activity score >10. Three participants (2, 6, and 10) improved clinically and maintained clinical improvement status until end of study: participants 2 and 10 reached and maintained EoC, and participant 6 reached DC and had a PDAI activity score of 1 at end of the study. In cohort 3, five of seven participants achieved CR at any point during the study (participants 16, 19, 20, 21, and 22), and four of these participants were in CR at the end of treatment-free follow-up (participants 16, 20, 21, and 22).


Table 1 | Baseline characteristics of participants receiving extended efgartigimod treatment in cohorts 3 and 4.






Figure 1 | Sustained clinical responses and transient general reduction of total serum IgG levels following efgartigimod treatment. (A) Clinical responses to efgartigimod are depicted for all participants in cohorts 3 (n = 7) and 4 (n = 15). Participant numbers correspond to those used in Table 1. Blue arrows indicate when efgartigimod was administered, and the blue dotted line indicates every other week administration time period in participants who achieved EoC. (B) Clinical responses of singular representative trial participants with pemphigus foliaceus and pemphigus vulgaris, respectively, are shown. (C) Longitudinal changes in pathogenic (anti-Dsg-3 or anti-Dsg-1) as well as total IgG (tIgG) and PDAI activity scores are represented. The gray shaded area indicates efgartigimod treatment-free follow-up period. Means are compared using two-way ANOVA multiple comparison with Dunnett’s post-test. (D) Pathogenic (anti-Dsg-3 or anti-Dsg-1), total IgG (tIgG), and non-pathogenic antibodies titers (anti-VZV, anti-varicella zoster virus; TT, tetanus toxoid; PCP, pneumococcal capsular polysaccharide) are compared between BL and EoS for all participants. Wilcoxon matched-pairs test was performed. *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001; ****p ≤ 0.0001. BL, baseline; EoS, end of study; DC, disease control; EoC, end of consolidation; CR, complete clinical remission; CRmin, complete clinical remission with minimal treatment; Pt, participant; ns, non significant.



In order to characterize the observed sustained clinical responses, representative participants with PV (participant 8) and PF (participant 4) from cohort 4 are shown in Figure 1B. Participant 8 with PV who had a PDAI activity score of 10.3 at baseline showed a decline of disease activity starting after the first treatment and mucosal blisters had healed by day 15. Skin lesions of participant 4 with PF who had baseline PDAI activity of 34.5 declined gradually over time and resolved completely by day 281. Importantly, both participants showed no disease activity during the 10-week observation period after last efgartigimod treatment.

In the participants with sustained clinical response (whose PDAI activity and serological responses are summarized in Supplementary Table 1), total serum IgG and pathogenic autoantibodies declined early. Total IgG levels remained suppressed to about 70% during the treatment period, and recovered to baseline levels during treatment-free follow-up, in line with what has been previously reported for the overall study population (28). Anti-Dsg antibodies declined early and prolonged reductions were observed in all responding participants (Figure 1C). Unlike protective antibody titers (anti-VZV, anti-TT, and anti-PCP) that returned to baseline levels at the end of the study, stable suppression of anti-Dsg-1 antibodies and anti-Dsg-3 antibodies to lower levels than before treatment were observed during the 10 weeks of efgartigimod-free follow-up (Figure 1D).



Suppression of Anti-Dsg Autoantibody Subtypes

Since PV and PF primarily involve IgG4 (34), and other IgG subtypes to a lesser extent, ALBIA Dsg-3 assay was performed in six participants with PV, and modified anti-Dsg-1 Euroimmun ELISA in six participants with PF who received extended efgartigimod treatment in cohorts 3 and 4 and achieved a sustained clinical response (28). Participants evaluated in these analyses are specified in Table 1. At baseline, we detected heterogenous anti-Dsg-1/3 IgG1-4 subclasses in different participants. In participants with baseline levels above the positivity threshold, we observed reduction of anti-Dsg-3 IgG1 autoantibodies to below the positivity threshold in 3 of 3 participants and anti-Dsg-3 IgG4 in 2 of 3 participants (Supplementary Figure 2A). Anti-Dsg-3 IgG2 autoantibodies, present in 3 participants, were markedly reduced although only 1 subject decreased below the positivity threshold at end of the study; IgG3 autoantibodies present in one participant at baseline became suppressed below the positivity threshold. The six participants with PF subjected to subclass analysis demonstrated a dominant IgG4 signature of anti-Dsg-1 autoantibodies (Supplementary Figure 2B), while one participant presented with IgG1 autoantibodies. In this patient population, analysis of Dsg-1 IgG titers over time showed reduction of Dsg-1-specific IgG1 and IgG4 antibodies following clinical response, which remained suppressed at the end of the study. Thus, decreases in anti-Dsg titer regardless of the IgG subtype analyzed were observed following efgartigimod treatment in this subpopulation.



Suppression of Circulating Immune Complexes

Immunocomplexes are found in healthy individuals (35), but their formation can be expected to be elevated in autoimmune diseases and partly drive and/or exaggerate their pathologies (36). As the half-life of immune complexes, largely containing IgG, may also be affected by the biology of FcRn (35), we investigated levels of CIC in the same six participants with PV and six participants with PF. These participants were subjected to IgG CIC analysis by C1q ELISA, which detects complement-fixed IgG antibodies (without providing information about antigen specificity of CICs). IgG CIC levels are considered clinically significant if ≥4.0 μg Eq/ml. Four participants presented with elevated CIC levels, but notable reduction of CICs during treatment was observed (Supplementary Figures 3A, B), consistent with the observed improvement in their clinical condition. Rise of CICs following efgartigimod discontinuation did not lead to rise in disease activity, suggesting that for these participants, CICs were not directly linked with the disease activity.



Changes in Dsg-3+ and Dsg-1+ B Cells

The observed differences of anti-Dsg-1/3 titers compared to overall serum IgG prompted us to probe the PBMCs of participants with PV to determine the fate of Dsg-3-specific B cells that could potentially explain the prolonged suppression of anti-Dsg autoantibodies. PBMCs were collected in cohort 4 participants only (n = 15), and were successfully isolated in 12 participants (5 PV, 7 PF), of whom nine achieved a sustained clinical response (3 PV, 6 PF).

Frequency of Dsg-3+ B cells in the periphery was identified by staining for CD45+, CD19+, and CD27+ memory B cells (MBCs) and fluorescently labeled Dsg-3 antigen (Figure 2A) as previously described (13). Additional staining with IgM and IgD was included prior to gating on Dsg-3+ cells to identify class-switched memory B cells. Dsg-3+ B cells were identified within CD27+ IgM- IgD- cells, known to harbor antigen-specific B cells (37, 38) (Figure 2B). In line with previous reports, Dsg-3-specific B cells were rarely seen in peripheral blood but were detected principally at baseline and were detected at higher frequencies in participants with higher anti-Dsg-3 serum IgG levels in the samples analyzed. A reduction of antigen-specific MBCs was visible when participants 5, 6, and 8 reached CR and at the end of treatment. Two PV participants that relapsed following CR also exhibited reduction of Ag-specific B cells at CR (Supplementary Figure 4) and no increase in frequency of Dsg-3+ B cells was further observed, possibly implicating persistent tissue-resident antigen-specific responses in relapse (39).




Figure 2 | Efgartigimod reduces antigen-specific B cells in the blood. (A) Among the three PV participants with viable PBMC and sustained clinical response, representative flow cytometry plots depicting frequency of Dsg-3+ switched memory B cells (MBC) for one participant with PV at baseline, CR, and EoT were generated. (B) Frequency of circulating Dsg-3+ switched memory B cells in three participants with PV with sustained clinical response during the study in relation to Dsg-3 autoantibody serum titers at baseline and by time point. (C) Among the three PF participants with viable PBMCs, a representative ELISPOT of total IgG-ASCs with 2.5 × 103 to 1 × 104 PBMCs plated per well (left) and Dsg-1 IgG ASCs with 1 × 105 to 4 × 105 PBMCs plated per well (right) detected in PBMCs of a participant with PF. (D) Frequency of peripheral blood Dsg-1-specific ASCs evaluated by ELISPOT assay in 3 participants with PF during study both in relation to Dsg-1 autoantibody serum titers at baseline and by time point. Frequencies are reported as a percentage of total IgG ASC. ASCs, antibody-secreting cells; BL, baseline; CR, complete clinical remission; EoT, end of treatment; EoS, end of study.



In addition to assessing the frequency of Dsg-3+ B cells in participants with PV, Dsg-1 specific ASCs were measured by ELISPOT. Although ELISPOT assays were performed in all samples, low cell viability after thawing and withdrawal of participant’s consent for post-hoc analysis restricted data analysis to three participants who are presented here (participants 3, 4, and 7). At baseline, anti-Dsg-1 IgG ASCs were detected in all 3 PF participants assessed and were detected at higher frequency in participants with higher serum anti-Dsg1 levels (Figures 2C, D). Following treatment with efgartigimod and concomitant low-dose prednisone, anti-Dsg-1 IgG ASCs were no longer detectable at the end of the study. For two participants, disappearance of anti-Dsg-1 IgG ASC was detected at the CR visit (on days 44 and 275, respectively). One participant demonstrated loss of anti-Dsg-1 IgG ASC at the end of treatment, while CR was achieved 47 days later during treatment-free follow-up.



T-Cell and B-Cell Phenotypes During Efgartigimod Treatment

Beyond autoantibody-producing B cells, classical type-2 T helper (Th2) cells are typically considered central players in pemphigus pathology; however, recent advances in clinical immunology pointed to additional T-cell subsets, namely, T helper-17/T follicular helper-17 (Th17/Tfh17) cells efficiently promoting autoantibody production in participants with pemphigus (7, 8, 40). Thus, we then investigated whether prolonged treatment had an impact on major T-cell and B-cell subsets in addition to the antigen-specific context. Importantly, treatment did not impact global levels of total leukocytes, total lymphocytes, monocytes, or neutrophils (Figure 3A). Longitudinal analysis of PBMCs at 4 different time points in the 9 participants from cohort 4 with viable PBMC did not reveal changes in median overall T-cell subpopulations. CD4+ T cells and subsets were stable with no significant changes in Th1, Th2, Th17 or Tfh1, Tfh2, Tfh17 subsets observed (Figure 3B).




Figure 3 | Efgartigimod does not affect frequencies of lymphocyte subsets except B cells. (A) Leukocytes (109/L) and frequency (%) of neutrophils, lymphocytes, and monocytes within leukocytes in peripheral blood of cohort 4 participants (n = 10), median, and IQR are plotted. (B) Frequency of CD4+ T cells within lymphocytes and their subsets of cohort 4 participants with viable PBMC (n = 9), median, and IQR are plotted. (C) Frequency of CD19+ B cells within lymphocytes and their subsets of cohort 4 participants with viable PBMC (n = 9), median, and IQR are plotted. Arrows and lines indicate the way the frequency of a parent population was determined. (D) Frequency and counts of CD19+ B cells at baseline, EoT, and EoS of cohort 4 participants with viable PBMC and sustained clinical response (n = 9). Red lines represent medians and dotted lines represent normal limits. A non-parametric one-way ANOVA with Dunn’s post-test was performed. *p ≤ 0.05; **p ≤ 0.01. EoT, end of treatment; EoS, end of study; IQR, interquartile range.



Baseline frequency of total B cells as a proportion of total lymphocytes was heterogenous and ranged from 6.2% to 30.9%, indicating high B-cell frequency in some individuals possibly due to B-cell activation and proliferation. Analysis of B cells revealed declining numbers of median total CD19+ B cells in the periphery of all nine participants but without affecting the composition of B-cell subsets for the markers tested including CD27+ memory cells (Figures 3C, D). After treatment, median levels of CD19+ B cells remained within normal ranges.

The highest B-cell frequencies in the trial were observed in participants 11 and 12 who relapsed to PDAI activity >10 after having achieved CR. At the last evaluable time point, no increases from baseline in B-cell frequency were noted. Participant 13 with PF showed no clinical response to efgartigimod and did not demonstrate changes in CD19+ B cells (Supplementary Figure 5).



Prednisone Exposure in Participants With Prolonged Efgartigimod Treatment

In order to investigate the potential impact of prednisone on the observed pharmacodynamic and immunological effects described, concomitant prednisone exposure was analyzed. As seen in the overall study population, early clinical efficacy of efgartigimod allowed for early tapering of steroids. This effect was further pronounced in participants who achieved sustained clinical response after prolonged treatment with efgartigimod in cohorts 3 and 4. In participants who achieved CR at any point in the study, the average daily prednisone dose until CR was 0.255 mg/kg/day for cohort 4 participants (n = 9) and 0.18 mg/kg/day for cohort 3 participants (n = 5) (Table 2), and reduced frequencies of B cells were not associated with higher prednisone dosages (Figure 4).


Table 2 | Clinical status and concomitant prednisone dose levels over time in cohorts 3 and 4.






Figure 4 | Prednisone exposure in participants with prolonged efgartigimod treatment and observed B-cell immunomodulation (n = 9). Summary profiles of the PV and PF participants achieving sustained clinical response illustrating prednisone dosages, PDAI activity scores, and frequency of total CD19+ B cells in peripheral blood when available. The gray shaded area indicates efgartigimod-free follow-up period. Error bars represent standard error of the mean (SEM). PV, pemphigus vulgaris; PF, pemphigus foliaceus; PDAI, pemphigus disease area index.






Discussion

Reduction of IgG levels by efgartigimod resulted in early and durable clinical responses in participants with pemphigus (28). In this secondary analysis of the open-label phase 2 study, we have found for the first time a possible immunomodulatory effect by an anti-FcRn inhibitor beyond blocking of IgG recycling, as evidenced by the observed prolonged reduction of autoantibody levels during the 10 weeks of efgartigimod-free follow-up and indications of disease modification in peripheral lymphocytes in some patients. In addition, the early clinical improvement of participants (28) allowed for early prednisone tapering, which led to a comparatively lower corticosteroid exposure throughout the study than in the general pemphigus population (21).

Clinical benefit in participants was directly linked to decreasing titers of pathogenic autoantibodies, as previously described (28, 41). Reduction of anti-Dsg-1 IgG was more consistent across participants, while changes in anti-Dsg-3 IgG levels were more variable. Of note, it has been shown earlier that anti-Dsg-3 levels do not always correlate with disease activity (42, 43). Persistent re-augmentation or high levels of anti-Dsg-1 antibodies correlate closely with the development of skin relapses, whereas anti-Dsg-3 antibodies are less specific, and may occasionally be observed in some PV patients in clinical remission (44). The pathogenic effects of anti-Dsg antibodies have predominantly been attributed to Fab-mediated function (45) causing steric hindrance, depletion of Dsgs, and acantholysis (21). Moreover, involvement of Fc-mediated complement activation has also been described (46), and elevated levels of circulating immune complexes are considered to contribute to more severe disease (47). The predominance of IgG4 subclass anti-Dsg antibodies (34) implies limited engagement of the effector functions, yet IgG4 antibodies can activate via FcγRI and FcγRIIa (48–50) expressed by skin macrophages (51). Interestingly, anti-Dsg-1/3 IgG1 and other subclass responses were found at baseline in several participants, indicating that these may be more common than expected from previous reports given the small number of participants analyzed, and confirming that certain heterogeneity of autoimmune profiles exists. Together, these data suggest that both FcγR- and complement-mediated effector functions of anti-Dsg IgG antibodies may also play a role in pemphigus pathology while removal of all IgGs regardless of their subclasses by anti-FcRn therapy has the potential to limit the effect of all pathogenic antibody functions, both Fab- and Fc-mediated, which may also translate into clinical benefits as demonstrated by these results.

Pathogenic anti-Dsg antibodies are thought to originate from continuously generated short-lived plasma cells (SLPCs) that require a persistent inflammatory milieu to exist (14, 52). Moreover, Dsg-positive B cells show a more activated phenotype than their Dsg-negative counterparts (53). We observed that Dsg-1/3 antigen-specific B cells were decreased following efgartigimod treatment, suggesting that this therapy can trigger an immunomodulatory effect by reintroducing a long-term immune homeostasis beyond the direct effect of reducing autoantibody levels. As analysis of B-cell subsets revealed no changes, the modulation of total CD19+ B cells observed may be driven by this decrease in antigen-specific B cells, both by Dsg-autoreactive B cells measured in our study and by other antigen-specific B cells not measured here, or may result from a change in a specific B-cell subpopulation that was not studied here. It remains to be investigated by which mechanism(s) efgartigimod treatment is impacting antigen-specific B-cell signatures and whether this effect will be observed in other diseases treated with efgartigimod. Whether removal of autoantibodies exerts an indirect effect on autoreactive B cells that no longer receive immune stimulation or a direct effect, especially since peripheral blood (54) and splenic B cells express FcRn (55), remains to be elucidated. Alternatively, efgartigimod may also modulate antigen presentation by other cells such as dendritic cells (18), or may impact still unexplored immune pathways. The contribution of prednisone to the immunomodulatory effect on the B-cell compartment remains to be investigated in a placebo-controlled study, as impact of corticosteroid treatment is broad and can induce variable responses also impacting B-cell autoimmune signature (56). Since PV lesions contain Dsg-specific B cells and increased concentrations of CD19+ B cells (39), studies are needed to evaluate potential effects of efgartigimod in tissues.

The activation of B cells results in their proliferation and eventually differentiation into ASCs and MBCs. A single B cell may, within a week, give rise to as many as 5,000 ASCs. Expansion of specific B-cell subpopulations has been reported in autoimmunity (57–59), including pemphigus (60, 61), where CD19-high B cells are found to be elevated. While we could not distinguish the CD19-high subset (data not shown), baseline levels of total CD19+ B cells were enriched in some study participants. Whether these constituted expansions of antigen-specific B cells or other particular B-cell subsets is currently unknown. Nevertheless, a decrease of CD19+ B cells frequency towards a return to normality (approximately 10% of lymphocytes) may become a promising tool to explore as a proxy of regained immune homeostasis and indicate time to discontinue efgartigimod therapy.

Targeted immune disengagement, whether at the level of autoantibodies or upstream at the level of autoantibody-producing B cells, appears to be a sensible approach to tackle IgG-mediated autoimmunity and offers an opportunity to decrease usage of broad immunosuppression, including corticosteroids. B-cell depleting antibody treatments targeting CD20 [such as rituximab (4, 5)] are used and explored as therapeutic options. However, because rituximab has a relatively slow onset of action in reducing autoantibody levels, achievement of disease control, an early clinical endpoint, relies on the use of corticosteroids. Other approaches that interfere with B-cell signaling, e.g., acting on Bruton’s tyrosine kinase (BTK) signaling, are also being explored as therapeutic approaches in PV. A phase 2 study using the BTK-inhibitor rilzabrutinib demonstrated steroid reduction to a minimal dose (≤10 mg per day) after approximately 16 weeks with 22% of participants reaching CR by week 24 (62), yet rilzabrutinib failed to meet its primary or key secondary endpoints in a phase 3 trial (63). In the phase 2 study with efgartigimod, 64% of participants treated with efgartigimod reached CR with a prednisone dose less than 0.5 mg/kg/day in a median time of 13 weeks. Nine of 15 participants in cohort 4 achieved CR at any point during the study and 6 were still in CR at the end of treatment-free follow-up. Notably, the 4 patients who achieved CRmin maintained this condition until the end of the study. In cohort 3, 5 of the seven participants achieved CR at any point during the study and 4 of these participants were in CR at the end of treatment-free follow-up. Following this phase 2 study, a phase 3 randomized controlled trial was initiated to further study the efficacy and safety of efgartigimod in PV and PF (NCT04598451).

Given the complexity of pemphigus pathology with the involvement of innate immunity, T cells, B cells, and autoantibodies, it is not surprising that various therapies beyond those targeting autoantibody-producing B cells are also being investigated [reviewed in (20)]. It remains to be determined how potent these approaches are, individually and collectively, and whether complete elimination of corticosteroids and broad immunosuppressants can be achieved. The ongoing phase 3 trial with efgartigimod in PV and PF will determine how FcRn antagonism fits in the treatment paradigm of pemphigus.

Limitations of this secondary analysis include those associated with open label studies, lack of placebo control, small sample size, and post-hoc analyses. PBMC collection was implemented in cohort 4 participants only following clinical observations from earlier cohorts and expert recommendations to expand understanding of efgartigimod’s impact on cellular and serological immunity. For few patients, PBMC samples with sufficient viability were available, allowing for longitudinal analyses. Future studies with larger sample sizes and placebo control are underway, which will further explore these preliminary observations.

In conclusion, our data demonstrate differential impact of efgartigimod on protective and autoreactive anti-Dsg antibodies with more potent inhibition of the latter. Moreover, we demonstrate that the therapeutic effect of FcRn inhibition by efgartigimod may extend beyond blocking of IgG recycling and appears to also exert effects on the B-cell compartment. This combined with the early onset of clinical efficacy places efgartigimod in a unique position to potentially target multiple IgG-mediated immune disorders in a well-tolerated, precise, and potentially disease-modifying manner. Further studies in larger populations with a placebo comparison are needed to elucidate this observed phenomenon.
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Supplementary Figure 1 | (A) Gating strategy to study CD4+ helper T cells and their subsets. (B) Gating strategy to study CD19+ B cells and their subsets. (C) Gating strategy to study CD19+ IgM- IgD- CD27+ DSG3+ or Col7+ cells for one representative participant. Col7 was used as a control for a non-specific binding.

Supplementary Figure 2 | Efgartigimod results in reduction of autoantibodies of all subclasses. (A) Dsg-3-specific IgG1, IgG2, IgG3 and IgG4 serum titers at baseline, CR, EoT, and EoS in participants with PV (n = 6). (B) Dsg-1-specific IgG1 and IgG4 serum titers at baseline, CR, EoT, and EoS in participants with PF (n = 6) Black lines indicate median. Dotted line indicates the threshold of positivity (2 SD above mean value from 36 healthy donors for (A) 20 RU/mL for (B) CR, complete clinical remission; EoT, end of treatment; EoS, end of study.

Supplementary Figure 3 | Efgartigimod transiently reduces levels of circulating immune complexes. Levels of IgG circulating immune complexes (IgG CIC) levels in participants with PV (n = 6) (A) and PF (n = 6) (B) following efgartigimod treatment. Black lines indicate median. Dotted line indicates CS (clinical significance). CIC, circulating immune complexes; CR, complete clinical remission; EoT, end of treatment; EoS, end of study; PV, pemphigus vulgaris; PF, pemphigus foliaceus. Time points for CR are variable based on individual participant response, and are indicated in Figure 1.

Supplementary Figure 4 | (A) Antibody titer of anti-Dsg-3 antibodies and (B) frequency of circulating Dsg-3+ switched memory B cells (MBC) in the five participants with PV (3 with sustained clinical response shown in Figure 3B, and 2 with relapse following CR). Black lines indicate median. CR, complete clinical remission; EoT, end of treatment.

Supplementary Figure 5 | Frequency of CD19+ B cells in PV and PF participants with sustained clinical response, those relapsing following CR, and one with no clinical response during the study. Red or black lines indicate median. Dotted lines represent normal limits. CR, complete clinical remission; EoT, end of treatment.
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Pemphigus vulgaris (PV) is an autoimmune bullous skin disease caused primarily by autoantibodies (PV-IgG) against the desmosomal adhesion proteins desmoglein (Dsg)1 and Dsg3. PV patient lesions are characterized by flaccid blisters and ultrastructurally by defined hallmarks including a reduction in desmosome number and size, formation of split desmosomes, as well as uncoupling of keratin filaments from desmosomes. The pathophysiology underlying the disease is known to involve several intracellular signaling pathways downstream of PV-IgG binding. Here, we summarize our studies in which we used transmission electron microscopy to characterize the roles of signaling pathways in the pathogenic effects of PV-IgG on desmosome ultrastructure in a human ex vivo skin model. Blister scores revealed inhibition of p38MAPK, ERK and PLC/Ca2+ to be protective in human epidermis. In contrast, inhibition of Src and PKC, which were shown to be protective in cell cultures and murine models, was not effective for human skin explants. The ultrastructural analysis revealed that for preventing skin blistering at least desmosome number (as modulated by ERK) or keratin filament insertion (as modulated by PLC/Ca2+) need to be ameliorated. Other pathways such as p38MAPK regulate desmosome number, size, and keratin insertion indicating that they control desmosome assembly and disassembly on different levels. Taken together, studies in human skin delineate target mechanisms for the treatment of pemphigus patients. In addition, ultrastructural analysis supports defining the specific role of a given signaling molecule in desmosome turnover at ultrastructural level.
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Introduction

Epithelial cells are tethered to one another by different types of intercellular adhesion complexes. Desmosomes form the core of these junctional complexes and provide resilience to tissues that constantly encounter mechanical forces (1, 2). They consist of members of three protein families, the cadherin superfamily which comprises two subclasses of Ca2+- binding transmembrane proteins, the desmogleins (Dsg) and desmocollins (Dsc), each with distinct isoforms, Dsg1-4 and Dsc1-3, respectively (3); armadillo protein family including the plakoglobin and plakophilins 1-3 (Pg and Pkp 1-3); as well as the plakin family member desmoplakin (Dp) also are among the core components of desmosomes (4). Besides, plectin, which also is a member of the plakin family, is involved in desmosome organization by crosslinking the peripheral intermediate filament and actin cytoskeleton (5).

The essential function of desmosomes is compromised under diseased conditions such as pemphigus. Pemphigus is a rare group of autoimmune diseases affecting the skin and oral mucosa but less frequently involves mucous membranes of other organs such as the eyes and genitals (6). Based on immunological and histological characteristics, three major phenotypes of pemphigus are recognized; pemphigus vulgaris (PV), pemphigus foliaceus (PF), and paraneoplastic pemphigus (PNP) (7). PV is caused by autoantibodies which primarily target Dsg1 and Dsg3 (8–10). It is characterized by suprabasal splitting in the epidermis and/or oral epithelia. PF lesions are confined to the epidermis and are triggered by anti-Dsg1 autoantibodies which results in erosions and flaccid blisters in the superficial epidermis, mainly in the granular layer (11). PF is most frequent in some countries in South America and North Africa due to the presence of an endemic form of the disease affecting mainly young adults (12). PNP is characterized by mucocutaneous lesions with diverse clinical presentations including suprabasal blisters and interface dermatitis (13, 14). The presence of neoplasms associated with tissue lesions is the main distinguishing feature of PNP from PV and PF (15). PNP is caused by autoantibodies directed against a variety of autoantigens including Dsg1, Dsg3, and also Dsc1and Dsc3 (16) as well as plakin family proteins (17). Other very rare variants of pemphigus include pemphigus vegetans, pemphigus erythematosus, and pemphigus herpetiformis (7).

Available treatment options mainly focus on modulation of the immune system such as depletion of autoantibody-producing B cells as well as non-specific immunosuppressive agents including corticosteroids and others with associated side effects emanating from long-term administration (18). Besides, chemical inhibitors such as rilzabrutinib, a potent inhibitor of Bruton tyrosine kinase (BTK) (19), has been reported as a promising therapeutic strategy at phase II clinical trial (20). Because of an unmet medical need to treat patients until autoantibody formation can be suppressed, current research focuses on devising novel therapeutic approaches including suppressing specific signaling pathways involved in pemphigus pathogenesis (21). Therefore, in this mini-review we will discuss the role of signaling pathways, which have been delineated to ameliorate acantholysis in several models of PV in vitro, in vivo and ex vivo (22), for the regulation of desmosome ultrastructure as revealed by transmission electron microscopy. We will highlight the significance of a human skin organ model as a useful tool to understand the underlying pathophysiology of pemphigus diseases by providing a physiological relevant near-to-patient situation.



Desmosomes

Desmosomes are recognized in electron micrographs by spatial distribution of electron dense plaques of varying densities identified as outer dense plaques (ODP), inner dense plaques (IDP), and extracellular core (EC) (23, 24) (Figure 1A). The components of these plaques were identified using immunoelectron microscopy (25). A more precise localization of the terminal domains of the main desmosomal proteins has been achieved using the quantitative immunogold method (23). Accordingly, the intracellular core of Dsg and Dsc, Pg and Pkp, as well as the N terminus of Dp constitute the ODP, whereas the N domain of Dp forms the IDP (23) and anchors the desmosomal plaques to the intermediate filament cytoskeleton (26).




Figure 1 | (A) Electron micrograph showing single desmosome in a healthy skin with a superimposed schematic representation depicting molecular structure of a desmosome. Colour coding of each single molecule is the same as those represented in (B, C). A schematic representation of the distribution of desmosomal proteins along the different layers of (B) epidermis and (C) mucosa. Small schematic desmosomes are colour-coded the same as the bars representing the distribution.



The different desmosome proteins exhibit different distribution patterns across the different layers of epithelia as a function of tissue type and differentiation status (27–29) (Figures 1B, C). In the epidermis, Dsg2 and Dsg3 are predominantly expressed in basal keratinocytes, whereas Dsg1 and Dsg4 are localised to the differentiated suprabasal layers (27). Dsg1together with Dsc1 shows an inverse distribution gradient with Dsg3 and Dsc3 across the suprabasal compartments in which Dsg1 and Dsc1 are strongly expressed as the cells differentiate and stratify. Dsg2 and Dsc2 are ubiquitously present in all desmosomes bearing tissues including the heart and simple epithelia (30). Dsg2 is present in the basal cell layer of oral mucosa (31, 32) and neonatal epidermis but restricted to hair follicles in adult human epidermis (33). Moreover, Dsg3 is the dominant desmoglein present in mucosa, whereas Dsg1 is distributed in all layers except the proliferating basal layer but at low levels (27, 32, 34, 35).

Through their extracellular N- domains, desmosomal cadherins are known to make cis and trans interactions with their counterparts on the same or adjacent cells, respectively, to form knot-like structures with desmosomes (36, 37). Although cis interactions are thought to be weaker, both mechanisms synergistically contribute to the formation of a stable adhesion complex (38). Interaction between similar cadherins (homophilic) as well as between different cadherin subclasses (heterophilic) has been reported (4, 39–41). Recent studies using bead assay identified heterophilic trans-interactions between Dsg1/Dsc1 and Dsg3/Dsc3 as the strongest and dominant form of adhesion in desmosomes (42, 43). In line with this, in atomic force microscopy (AFM) experiments Dsg2/Dsc2 formed a more stable dimer with a prolonged bond lifetime (44). In addition, homophilic interaction of Dsg1, Dsg3, and Dsc3 have been demonstrated as well (45–49). For Dsg2, it was reported recently that the interaction modes with desmosomal cadherins Dsg2 and Dsc2 differ from binding events with classical cadherins E-cadherin and N-cadherin (50). Moreover, heterophilic interaction of Dsg2, which is up-regulated in PV, with Dsg3 was proposed as compensatory mechanism because it was found to be resistant to autoantibody-induced steric hindrance (51). Taken together, both homo- and heterophilic interactions of desmosomal cadherins contribute to tissue integrity in epithelia (52, 53).


Other Desmosome-Related Diseases

Desmosomes have been studied extensively in recent years in consequence of diverse disease phenotypes including genetic and acquired diseases as well as autoimmune or microbial-mediated diseases which weaken intercellular adhesion (54).

Gene mutations involving obligate desmosomal proteins such as Dsg, Dsc, or Dp may bring about a wide spectrum of genetic diseases of the skin and other tissues in which the proteins are strongly expressed (55–57). In the skin, mutations of Dsg1 have been shown to cause severe dermatitis, multiple allergies, and metabolic wasting (SAM syndrome), in which loss of Dsg1 besides epidermal splitting causes a profound alteration of the epidermal barrier as well as the immune system, as shown in Dsg1-deficient animal models (58–61). In humans, mutations in desmosomal components are also associated with heart diseases. Mutations in Dsg2 and Dsc2 are known to cause arrhythmogenic right ventricular cardiomyopathy whereas those in Pg and Dp cause cardiomyopathy as well as various cardio-cutaneous syndromes (62–65). Some aspects in the pathophysiology of arrhythmogenic right ventricular cardiomyopathy may be similar to pemphigus due to common aspects in the structure and regulation of desmosomal contacts in cardiac intercalated discs and desmosomes of the epidermis (66). Moreover, mutations in desmosomal proteins have been shown to affect skin appendages. For example, homozygous and heterozygous mutations of Dsg4 have been reported to be associated with a spectrum of disease phenotypes such as hypotrichosis and monilethrix (67–69). Similarly, genetic alteration in Dsc3 was identified as the underlying cause for hair loss and vesicle formation in skin (70). Mutations in Dsg3, although not known in humans so far, caused diverse clinical features, including severe skin and mucosal lesions and hair loss as in squeaking (sqk) phenotype mice (71).

Microbial and viral agents are among the extrinsic factors that alter expression of desmosomal proteins (72). Exfoliative toxin A produced by staphylococcus bacteria is known to target Dsg1 and proteolyzes its adhesive ectodomain resulting in a PF-like lesion as in a bullous impetigo or staphylococcal-scalded skin syndrome (73) An adenovirus known for affecting the epithelial lining of the respiratory and urinary tracts was identified to bind to Dsg2 destabilizing cell-cell attachment (74). Studies in other acquired diseases such as cancer have revealed dysregulation of desmosomal proteins in tumor cells. For example, Dsg1 is downregulated in squamous cell carcinoma whereas Dsg3 is upregulated in head and neck carcinoma (57). Moreover, some molecular mechanisms underlying desmosome dysregulation in cancer cells have been reported (75, 76). Finally, alterations in desmosome ultrastructure have been detected in patients suffering from inflammatory bowel disease (77, 78). Because animal models deficient for Dsg2, Dsc2, and Dp have been shown to have intestinal epithelial barrier defects and disturbed wound healing and are prone to colitis (79–82), several lines of evidence indicate that disturbed desmosomal adhesion contributes to the pathogenesis of inflammatory bowel diseases (83). In this respect, a new function of desmosomes has been elucidated as they control tight junction structure and function (84, 85).




Autoantibody Profiles and Their Roles in PV

Autoantibody profiles in pemphigus patients’ serum dictate the specific disease phenotype manifested (22, 52, 86). Titers of Dsg-specific autoantibodies in pemphigus indicate disease activity as well as progression (87–89). It is known that these autoantibodies consist of both pathogenic and non-pathogenic forms (90, 91) which possess distinct epitopes they preferentially bind to (92, 93). It has been identified that the pathogenic autoantibodies target the EC subdomains of Dsg3 (EC1-3) and cause cell-cell detachment, whereas nonpathogenic antibodies bind to membrane-proximal domains without affecting cell adhesion (94, 95). Skin biopsies from pemphigus patients were examined to identify the tissue- and layer-specific binding of IgG from various pemphigus phenotypes (96, 97). The tissue as well as layer-specific distribution of lesions has been attributed to differential expression of desmosomal proteins among various tissues and across the layers of stratified epithelia (86). According to this hypothesis, anti-Dsg3 reactive antibodies cause suprabasal blistering owing to low expression of Dsg1 in deep layers so that it cannot compensate for Dsg3 as the case in PV. Similarly, anti-Dsg1 autoantibodies cause depletion of Dsg1 in the superficial layers where Dsg3 expression is very low as observed in PF (34, 96, 97). However, this theory has been challenged because it cannot explain why blister formation in PV is restricted to the basal-suprabasal interface. Besides, involvement of other non-Dsg autoantibodies in the disease in some cases or lack of a strong correlation between anti-Dsg titers and disease manifestation in some patients was reported (98–100). In light of this, several non-Dsg antigenic targets, which exhibit a strong autoreactivity to PV sera and with a potential to cause acantholysis, have been identified. These target antigens include cholinergic receptors (101), mitochondrial proteins (102), as well as other desmosomal proteins, such as desmocollins (16, 103–105) and Pkp3 (105), adherens junction protein E-cadherin (106), and others (100). However, the fact that Dsg-specific autoantibodies cause altered distribution followed by internalization of desmosomal proteins and are sufficient to cause skin blistering (107–112) underscores the role of anti-Dsg autoantibodies as a major pathogenic factor in pemphigus. In line with this, immunoadsorption of pathologic autoantibodies from PV sera by the entire EC domains of Dsg1 and Dsg3 abolished the blister-inducing ability of IgG fractions (113, 114).



Models for Studying Pemphigus

Several experimental models have been established to explore the underlying pathomechanisms of pemphigus. These diverse setups have allowed the characterization of the immunological and molecular mechanisms involved in autoimmune blistering diseases by reproducing some features of the disease as manifested in patients. Moreover, it enabled testing the efficacy of some therapeutic agents in a physiological setup which otherwise would be difficult to undertake in humans (115). The models include cell culture, organotypic tissue culture, animal models mainly mice, and ex vivo human skin model.


Cell and tissue cultures

Isolated cell lines from humans and murine sources have been utilized to investigate the pathogenic effects of pemphigus autoantibodies in vitro. The most extensively used epidermal cells are immortalized human keratinocyte (HaCaT cells: Human adult high Calcium low Temperature) (116) and primary human or mouse keratinocytes. Both cells were utilized mainly as monocultures but were also used to construct a three- dimensional (3D) organ culture model representing a stratified and differentiated epidermis (117). Both cell types have pros and cons in terms of originality, reproducibility, cost, and so on (118). The models are vital to assess the level of pathogenicity of autoantibodies derived from PV patients through various functional dissociation assays as well as to determine the effects of different pharmacological mediators in response to the autoantibodies (119–121).



Mouse model

Animal models are used extensively in medical research. Several mouse models have been developed which rendered great insights into PV pathogenesis (122). Based on the method in which the disease is induced and persistence of clinical features, the models can be identified as active or passive. Passive animal model refers to administration of pemphigus autoantibodies into a healthy animal which results in production of a transient disease phenotype (123, 124). The active models represent the generation of animals which manifest the disease through genetic modification as in Dsg3 or Dsg1 knockout mice (9, 125) or immunization in which the mice actively produce antibodies against Dsg3 (90, 126). In the latter, splenocytes from Dsg3 knockout mice, following immunization with recombinant Dsg3, were transferred into Rag2 knockout mice expressing Dsg3 (126–128). This model is more relevant as it involves active production of anti-Dsg3 autoantibodies similar to the situation in PV patients, whereas Dsg3 knockout mice produce a disease phenotype which is an ultrastructural correlate of only the acute phase of the disease (129).



Ex vivo model

Organ culture has been an important experimental model for studying pemphigus since the pioneer work done by Schiltz and Michel (130) in which they placed a skin biopsy on a lens paper floating on a liquid medium containing unpurified PV sera. This model is of paramount importance because of the viability of the tissues at optimal time point, 24 h, as well as the potential of the method to reproduce all the major histological and clinical features of the disease. This model stands out to be better than animal models since it enables overcoming the genetic and immunological differences which otherwise would elicit respective species-specific autoreactions (120). Furthermore, it favors the assessment of the pathogenicity of a given autoantibody and helps to correlate to disease activity in patients to develop more specific therapeutic strategies (120, 121). Although organ culture models are not best suited for biochemical studies, they provide a physiologically relevant setup to investigate mechanisms causing altered expression of desmosomal proteins and the resulting acantholysis (131, 132) which closely reflects the human in vivo situation (115). Thus, the model is ideal to conduct experiments under controlled conditions with sizeable samples which otherwise are not feasible to apply to human subjects. Therefore, we employed a human skin organ culture model as well as a novel mucosa ex vivo model to investigate the role of various signaling molecules in PV pathogenesis (32, 59, 133–136). Large blisters with associated ultrastructural changes in desmosomes including reduction in desmosome density and size as well as formation of split desmosomes and keratin filament uncoupling from desmosomes was observed in samples treated with PV-IgG (Figures 2A–C) (135) which shows that the skin model reflects the ultrastructural hallmarks known from pemphigus patients’ lesions (137, 138). Interestingly, the outer and inner plaque could not be differentiated after treatment with PV-IgG, an observation which requires further attention, especially because it has recently been shown that reorganization of the desmosomal plaque occurs during desmosome maturation and it is conceivable that these events may be reverted in pemphigus pathogenesis (139). Also, it must be noted that PV-IgG containing both autoantibodies against Dsg1 and Dsg3 were required for acantholysis whereas mucosal-dominant PV-IgG with autoantibodies against Dsg3 but not against Dsg1 similar to AK23, which is specific for Dsg3, were not sufficient (135). Taken together, the model better reflects the situation in patients compared to mice where high concentrations of anti-Dsg3-specific IgG are sufficient to cause skin blisters (114, 140).




Figure 2 | Electron micrographs showing an overview (top) and zoomed in to a single desmosome (bottom) of (A) healthy skin injected with IgG from healthy volunteers. (B, C) skin injected with PV-IgG showing suprabasal blistering, interdesmosomal widening and altered desmosomes: (B) reduced keratin insertion (red arrow head) into a damaged plaque. Note that the distinction between the outer and inner desmosomal plaque is lost after incubation with PV-IgG; violet arrow heads indicate the basement membrane, (C) a split desmosome with half plaque (green arrow head), red asterisk indicates blister cavity. Scale bars: 2 µm (top) and 250 nm (bottom).





Mechanisms Causing Acantholysis

Although not fully unraveled, steric hindrance and signaling have been proposed as the major overarching pathomechanisms that drive loss of intercellular contacts downstream of PV-IgG binding to keratinocytes (52, 141). Both mechanisms are believed to be involved, but not strictly independent of each other (57), and the exact chronology of events as well as contribution of each remains unknown.



Steric Hindrance

Passive transfer of IgG from PV patients or anti-Dsg3 monoclonal antibodies to a healthy neonatal mouse has been shown to induce epidermal blisters (90, 94) which has been reproduced in human skin organ culture, as well (142). These pathogenic immunoglobulins were shown to preferentially target the EC1 and EC2 adhesive regions of Dsg3 (90, 92, 94, 143). The latter has been indicated to predominatly contain epitopes recognised by PV autoantibodies (92, 144, 145). As a result, it has been suggested that PV-IgG autoantibodies directly interfere with the adhesive interaction of Dsg, thereby triggering the initial events leading to acantholysis (90, 127). AFM studies on cell-free surfaces (45, 46, 146) or on living keratinocyte cell surfaces, combined with bead assays, demonstrated direct inhibition of Dsg interaction for Dsg3 but not for Dsg1 (45, 53, 146), but suggested that direct inhibition is not sufficient to cause complete loss of keratinocyte adhesion. In addition, a recent study using bead assays under cell-free conditions showed that PV-IgG and PF-IgG blocked the heterophilic interaction between Dsg3/Dsc3 and Dsc1/Dsc1, respectively (43, 106).



Role of Signaling

The first signaling pathway to be triggered by pemphigus autoantibodies was PLC-mediated influx of Ca2+ (147). Along the years, several studies have shown that steric hindrance alone does not adequately account for acantholysis (45, 111, 146, 148–150), which indicated the involvement of other mechanisms underlying the pathogenic effect of PV-IgG. Phosphorylation and activation of signaling cascades downstream of PV-IgG binding to target antigens in keratinocyte both in vitro and in vivo has highlighted the crucial role of signaling in PV pathogenesis (151–154). As a result, a great number of signaling molecules that are implicated in PV have been identified and characterized (22, 155). These include mitogen-activated kinases (MAPKs) such as p38MAPK, protein kinase C (PKC), extracellular signal-regulated kinases (ERK1/2), Rous sarcoma-related kinases (Src), phospholipase C (PLC), Epidermal growth factor receptor (EGFR), and other cellular responses that alter adhesive interactions (22, 48, 59, 110, 112, 131, 147, 151, 156–162). For several years, the plethora of signaling mechanisms appeared to be triggered without recognizable hirarchy upon binding of autoantibodies. However, it was shown that signaling molecules such as p38MAPK, PI4K, PLC, and PKC directly bind to desmogleins and that Dsg1 and Dsg3, together with Pg, organize overlapping yet distinct signaling hubs (136, 140, 163). These findings help to explain why autoantibodies against Dsg3 and Dsg1 were observed to cause different sets of signaling responses (48) and led us to propose that the different clinical phenotypes of pemphigus with respect to mucosal and skin involvement, as well as suprabasal versus superficial epidermal blistering, may at least in part be caused by the different signaling profiles observed in PV and PF (22).



p38MAPK Regulates Autoantibody-Mediated Ultrastructural Alteration of Desmosomes

p38MAPK has been thoroughly characterized due to its essential role in pemphigus pathophysiology. The different isoforms (α, β, γ, δ) display a species-specific expression pattern (164–166) among which the α subtype is the most commonly expressed isoform in adult tissues (165, 167). Activation of p38MAPK was detected in keratinocyte cell cultures treated with PV-IgG and in mouse skin (151). Moreover, p38MAPK was phosphorylated in perilesional skin of PV patients (153, 168) as well as in the skin of Dsg3-deficient mice (169). This signaling molecule has also been shown to be associated with Dsg3 (33, 112, 136, 140), Dsc3 (169), and Dsg1 (136). p38MAPK-mediated Dsg3 internalization followed by depletion from endosomes was also detected in keratinocyte cultures and patient skin (108, 112, 170). Interstingly, previous studies have shown that pharmacologic inhibition of p38MAPK was sufficient to avert cell dissociation in vitro (33, 48, 151, 171), rescue membrane-bound as well as cytoskeletal fractions of Dsg3 (112, 172, 173), and reorganize keratin cytoskeleton (49, 140, 151). Moreover, it sufficiently abolished blister formation after passive transfer of PV-IgG (152, 171) or PF-IgG (174, 175) in mice.

There are strata of protein kinase cascades functionally subordinate to p38MAPK (176). Mitogen-activated protein kinase 2 (MK2) regulates several cellular activities such as actin remodeling (177), an event which can be correlated to PV pathogenesis. Phosphorylation of MK2 has been detected upon p38MAPK activation by PV-IgG (173), the inhibition of which was protective both in vitro and in vivo. Rho A is crucial to maintain a strong keratin association with desmosomes, enhance cortical actin filaments, stabilize cytoskeletal bound Dsg1 and Dsg3, and was found to be inactivated following PV-IgG and PF-IgG in p38MAPK-dependent manner (131). Besides, toxin-mediated inhibition of Rho GTPases recapitulated the PV-IgG-induced suprabasal blistering in human skin (132).

We employed human organ culture models to assess the role of p38MAPK in mediating the ultrastructural changes of desmosomes in PV pathogenesis and found that inhibition of p38MAPK abolished blister formation in epidermis but not in mucosa, indicating that p38MAPK is crucial for the mechanisms causing epidermal blisters but not mucosal erosions (32, 135). Interestingly, loss of desmosomes as well as all ultrastructural alterations of desmosomes, including reduction in size, splitting, and keratin filament dissociation, were averted by inhibition of p38MAPK (Figures 3A–D).




Figure 3 | Ultrastructural quantification of desmosomes. (A) Desmosome density expressed in number of desmosomes per µm membrane length. Only desmosomes along clearly delineated cell borders of basal cells were considered. (B) Desmosome size measured along the linear length of the plaques and expressed in nm. (C) Percentage of split desmosomes both in acantholytic and non acantholytic areas. (D) Percentage of keratin dissociation from desmosomal plaques. Each data point represents individual desmosomes for (B), and the average per electron micrograph for (A, C and D) (n= 3-5 for each pathway. *p < 0.05 vs. control, #p < 0.05 vs. PV-IgG). Inhibitors used: SB202190 – p38MAPK inhibitor, Pp2 – Src inhibitor, Bim-X – PKC inhibitor, UO126 MEK (upstream of Erk1/2) inhibitor, U-73122 – PLC inhibitor, Xest (xestospongin) – IP3R inhibitor.



These results suggest that modulation of this signaling pathway would be effective in treating pemphigus patients. However, a clinical trial using a p38MAPK inhibitor was terminated because of dose-limiting hepatotoxicity and did not show therapeutic benefits (178). This observation is important because it reveals that not all signaling pathways that are sufficient to stabilize desmosomal adhesion are druggable in patients.



ERK But Not PKC or Src Partially Regulates Desmosome Ultrastructure

The MAP kinase ERK, a downstream signal effector of EGFR, was phosphorylated upon activation by PV-IgG and specific inhibition of which prevented acantholysis in cell cultures (48, 158, 161). Interestingly, ERK was activated in the presence of Dsg1 autoantibodies only (48, 162) and its specific inhibition was protective against PV-IgG or PF-IgG in cultured keratinocytes (48). Dsg1 is required to suppress ERK1/2 signaling to promote keratinocyte differentiation in the suprabasal epidermis where it is strongly expressed (159) by interacting with ErbB2 binding protein (Erbin2) (179). Mek1 inhibition, an upstream target of ERK, was sufficient to avert epidermal blistering in human skin ex vivo (21, 134) and reduce in number of desmosomes primarily along the basal-suprabasal interface but did not prevent desmosome splitting and keratin detachment from desmosomes (Figures 3A–D) (134).

On the other hand, for PKC and Src, the human ex vivo skin model yielded results different from what was found in cultured keratinocytes in vitro or for in vivo mouse models. PKC has been shown to be involved in signaling, Dsg3 depletion, loss of cell adhesion, and blister formation in cultured keratinocytes as well as in mice (48, 110, 147, 156, 180). Nevertheless, PKC inhibition did not ameliorate skin blistering in the human skin model and failed to modulate ultrastructural alterations (181) (Figures 3A–D). This discrepancy may be caused by the fact that several PKC isoforms exist which might be involved differently in both desmosome assembly and disassembly (22, 64). Src regulates desmosome assembly via interaction of Dsg3 with E-cadherin (169, 182). Reduced phosphorylation of Src was detected along with decreased Dsg3 expression in basal keratinocytes surrounding blister cavities, linking this pathway to PV pathogenesis (182). Inhibition of Src prevented cell dissociation (48, 59, 183, 184) and abrogated manifestation of skin lesions in mice but not in human skin culture where it was also not sufficient to modulate ultrastructural alterations of desmosomes (Figures 3A–D) (59). Since Src, similar to PKC, appears both to participate in desmosome assembly, a process which may require cortactin (59, 162), and to cause loss of desmosome adhesion in response to PV-IgG, this may explain the discrepancy between in vivo data in mice and ex vivo studies in human skin. Alternatively, the role of Src in PV pathogenesis may depend on the autoantibody profile of patients because the PV-IgG fraction used in human skin included higher levels of antibodies targeting Dsg1. It was shown that Src-mediated EGFR activation is associated with anti-Dsg3 autoantibody-mediated signaling rather than with signaling caused by autoantibodies against Dsg1 or Dsc3 (162, 185). Therefore, it is possible that Src inhibition may be effective in treating some PV patients but not others.

However, for all studies using electron microscopy evaluation of human epidermis, the limitation is that they are feasible by using a very limited number of patients’ IgG fractions only. Thus, no preliminary dose-response characterization is possible, and it cannot be ruled out that, with autoantibody samples from other patients or using higher concentrations of pharmacological inhibitors, a protective effect may be found for other signaling molecules as well. Therefore, negative data must be taken with extreme care. On the other hand, if a protective effect under all conditions and in all models, including human skin, is observed for modulation of a specific signaling pathway, this is a strong indication for a potentially interesting treatment paradigm.



PLC Mediates Desmosomal Adhesion by Maintaining Keratin Anchorage to Desmosomes

PV-IgG augments intracellular Ca2+ and inositol 1,4,5-trisphosphate (IP3) levels (186) via activation of Phosphoinositid-Phospholipase C (PLC) (147) leading to cell dissociation. IP3, via activation of IP3 receptor (IP3R), causes Ca2+ release, which in turn activates PKC (187). Inhibition of PLC was protective against the dyscohesive effect of PV-IgG in cell culture (147), in vivo (157), and in human skin explant (133, 136). Interestingly, specific inhibition of PLC and Ca2+ signaling significantly ameliorated keratin dissociation and desmosome splitting (Figures 3A–D) (133).



Signaling Pathways Regulate Desmosome Turnover

It is well established that pemphigus is a desmosome turn-over disease (188) because the signaling pathways involved interfere with different steps of desmosome assembly and maturation on one hand, and desmosome internalization and disassembly on the other. The interesting question is whether the ultrastructural analyses as outlined above allow to allocate signaling pathways to specific steps of desmosome turnover. Loss of desmosomes, which was caused by mucocutaneous PV-IgG but not by mucosal dominant PV-IgG and AK23, is the ultimate consequence of a dysbalance between assembly and disassembly. Thus, depletion of extradesmosomal Dsg molecules, which serve as a pool for incorporation into existing desmosomes, may account for this phenomenon (109, 189). Similarly, it was shown that following depletion of Triton-soluble extradesmosomal Dsg3, Triton insoluble Dsg3 was reduced as well (109). This brings up the important question of whether the latter Dsg3 molecules were derived from desmosomes, which would be characterized best as desmosome disassembly, or whether this is just the consequence of impaired assembly. Experiments showing that Dsg3 internalization following autoantibody binding is a coordinated process involving endocytosis are compatible with both interpretations (111, 170, 171, 190–193).

Recently, it was reported in Madin–Darby canine kidney (MDCK) cells that hepatocyte growth factor (HGF) induces internalization of intact desmosomes with no alteration in desmosome size and composition, which was interpreted as desmosome internalization (194). As outlined above, the situation in pemphigus is different and more complex. PV-IgG cause significant shrinkage of remaining desmosomes (Figure 3B). In addition, transmission electron microscopy and structured illumination microscopy investigations have revealed that desmosomes in neonatal mice were split prior to internalization (124) and were present at cell surfaces surrounding blister cavities in patients’ lesions (129, 138, 195–198) and human ex vivo skin (Figure 3C) (181). These data show that desmosome splitting occurs when desmosomes are weakened due to an imbalance of desmosome assembly and disassembly which is facilitated by mechanical stress (198). In parallel to desmosomes with reduced size, double-membrane structures together with desmosomes which were uncoupled from keratin filaments were also observed (135), indicating that desmosome internalization in skin occurs similar to MDCK cells, which represent a single-layer epithelium. However, internalized desmosomes were rare and thus could not be evaluated in quantitative terms.

These results show that desmosome disassembly and internalization may be dependent on both cell type and stimulus. For both events, uncoupling of Dsg molecules from the cytoskeleton was shown (Figure 3D) (32, 133, 181, 194). It remains unclear to which extent mechanical destabilization of desmosomes resulting in desmosome splitting under force results from desmosome shrinkage or keratin filament dissociation. The data from ultrastructural evaluation of desmosomes indicate that inhibition of p38MAPK was the only pharmacologic intervention to rescue desmosome size (Figure 3B). On the other hand, both p38MAPK and PLC/Ca2+ were effective to modulate keratin dissociation and splitting of desmosomes, which can be interpreted that cytoskeletal anchorage is sufficient to prevent desmosome splitting. The data are in line with experiments showing that phosphorylation of Dp by PKC, which is activated downstream of PLC/Ca2+, in PKP1-dependent manner regulates intermediate filament anchorage, and thereby causes desmosome hyperadhesion by trapping of desmosome components (199–201). In response to PV-IgG, PKC-mediated Dp phosphorylation reverts the hyperadhesive state and causes loss of desmosome adhesion (180, 202). Another conclusion is that steric hindrance alone cannot explain these ultrastructural alterations observed in patient lesions and ex vivo skin model because this mechanism would cause split desmosomes with intact size and keratin filament anchorage.

Taken together, p38MAPK and PLC/Ca2+/PKC were shown to be involved in depletion of Dsg1 and Dsg3 (110, 112, 136), as well as in keratin filament dissociation (133, 135), indicating that these signaling pathways are important for disturbed desmosome assembly as well as for desmosome disassembly and internalization in pemphigus pathogenesis. For Src and ERK, it remains less clear which mechanisms are involved in loss of keratinocyte adhesion. It is likely that they contribute to the same mechanisms impairing desmosome turnover like p38MAPK and PLC-mediated signaling but may be less central for these events.



Concluding Remarks

The ultrastructural analysis in human epidermis revealed that for all signaling pathways where pharmacologic modulation was protective, an ultrastructural correlate in desmosomes was found (Table 1). Based on this, we conclude that investigations on desmosome composition are helpful to advance our understanding of the regulation of desmosome turnover and to ultimately decipher a signaling pathway which may be druggable in patients as an additional line of therapy until depletion of pathogenic autoantibodies is effective and to reduce potential side effects.


Table 1 | Protective effects of signalling pathway modulation.



Electron microscopy is a gold standard method to define ultrastructural alterations of desmosomes in pemphigus patient lesions (138) and to investigate the underlying mechanisms of a given signaling molecule in human skin, the role of which has been suggested by studies in cultured keratinocytes or mouse models. By this approach, mechanisms occurring in cell culture and mouse skin, but not in human epidermis, such as apoptotic cell death, also can be evaluated (138, 203). In the long run, super-resolution microscopy will be applied to study the pathogenesis of pemphigus in more detail as has been started already (170).
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Desmosomes are important epidermal adhesion units and signalling hubs, which play an important role in pemphigus pathogenesis. Different expression patterns of the pemphigus autoantigens desmoglein (Dsg)1 and Dsg3 across different epidermal layers have been demonstrated. However, little is known about changes in desmosome composition in different epidermal layers or in patient skin. The aim of this study was thus to characterize desmosome composition in healthy and pemphigus skin using super-resolution microscopy. An increasing Dsg1/Dsg3 ratio from lower basal (BL) to uppermost granular layer (GL) was observed. Within BL desmosomes, Dsg1 and Dsg3 were more homogeneously distributed whereas superficial desmosomes mostly comprised one of the two molecules or domains containing either one but not both. Extradesmosomal, desmoplakin (Dp)-independent, co-localization of Dsg3 with plakoglobin (Pg) was found mostly in BL and extradesmosomal Dsg1 co-localization with Pg in all layers. In contrast, in the spinous layer (SL) most Dsg1 and Dsg3 staining was confined to desmosomes, as revealed by the co-localization with Dp. In pemphigus patient skin, Dsg1 and Dsg3 immunostaining was altered especially along blister edges. The number of desmosomes in patient skin was reduced significantly in basal and spinous layer keratinocytes with only few split desmosomes found. In addition, Dsg1-Pg co-localization at the apical BL and Dsg3-Pg co-localization in SL were significantly reduced in patients, suggesting that that extradesmosomal Dsg molecules were affected. These results support the hypothesis that pemphigus is a desmosome assembly disease and may help to explain histopathologic differences between pemphigus phenotypes.
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Introduction

Desmosomes are one of the most important cell-cell contacts for the mechanical integrity of the epidermis (1–3). The general structure of desmosomes is well known. They consist of transmembrane adhesion proteins from the cadherin family which adhere to partner molecules from neighbouring cells in both homo- and heterophilic manner (4). The desmosomal cadherins are connected to the intracellular plaque, which is linked to the keratin cytoskeleton (5, 6) (Figure 1A), and comprise desmogleins (Dsg)1-4 and desmocollins (Dsc)1-3 (1). The plaque proteins include plakoglobin (Pg), plakophilin (Pkp)1-3 and desmoplakin (Dp). Dsg1 and Dsc1 are more prominent in superficial epidermal layers, while Dsg3 and Dsc3 are more dominantly expressed in lower layers. Dsg4 on the other hand is reported to be missing in basal cells and only found in the granular layer and hair follicles (7). Starting from the granular layer, corneodesmosin starts additionally linking cadherins together in the extracellular space (7). This shift in composition marks the stepwise maturation of adaptable desmosomes towards stable corneodesmosomes found in the cornified layer. In mucosal epithelium, the situation is slightly different. Dsg2 is found in the basal layers only (8). Dsg1 is less predominant and particularly absent in the basal layer of mucosa whereas Dsg3 is present in all layers (8). In contrast, Dsc1 is not present in oral mucosa while Dsc2 and Dsc3 are present in all layers (1).




Figure 1 | (A) Schematic depiction of a desmosome unit sub-cell with all proteins shown to scale as indicated. Grey hatched areas mark regions against which antibodies used in this study were raised. aDsg3 (a) is a rabbit IgG and aDsg3 (b) a mouse IgG, as indicated in the materials and methods section. (B) Depiction of a primary and dye coupled secondary antibody complex for scale. (C) on the right is an overview of a Dsg1 (green)-Dsg3 (red) staining with 3x zoom and 15x zoom to a single cell border comparing the co-localization results using confocal images vs. super resolution STED images (squares with dotted borders mark the zoomed in region).



Pemphigus is a severe autoimmune blistering skin disease disrupting desmosomes and is caused by autoantibodies predominantly against Dsg1 and Dsg3, which finally compromises the integrity of epidermal and mucosal tissue (9, 10). However, beside the reports of altered contents of desmosomal components along different epidermal layers (7) and changes in the distribution of cytoskeleton-bound and not cytoskeleton-bound fractions caused by pemphigus autoantibodies (11–13), little is known about detailed changes in the composition of desmosomes regarding the pemphigus autoantigens Dsg1 and Dsg3 during maturation of keratinocytes across the epidermal layers. The main three pemphigus variants are: Muco-cutaneous pemphigus vulgaris (PV) which shows antibodies against Dsg1 and Dsg3 and affects the epidermis and the mucosa. About half of the PV patients suffer from mucosal-dominant PV, which is characterized by antibodies against Dsg3 and restricted to the mucosa only. Finally, pemphigus foliaceus (PF) with antibodies against Dsg1 causes acantholysis in the epidermis only (1, 14). Strikingly, in PV epidermal cleavage occurs at the basal-suprabasal interface whereas in PF splitting occurs predominantly within the granular layer (15). These different histopathologic findings can in part be explained by the difference in distribution of cadherins according to the desmoglein compensation theory (16). However, Dsg compensation alone is not sufficient to explain why in PV autoantibodies against Dsg1 and Dsg3 cause acantholysis at the suprabasal interface but not between other epidermal layers. Intracellular signalling was shown to be important for pemphigus pathogenesis (17). Since it was shown that signalling pathways are at least in part specific for Dsg1 and Dsg3 (17–19), this may affect the clinical phenotype, especially when the distribution of Dsg1 and Dsg3 inside and outside of desmosomes changes for different epidermal layers.

This study characterizes the molecular composition of desmosomes and extradesmosomal contacts in different epidermal layers with a focus on the pemphigus autoantigens Dsg1 and Dsg3 as well as changes observed in PV patient skin using immunostaining in combination with super resolution stimulated emission depletion (STED) microscopy.



Results


Super Resolution Microscopy Shows the Composition of Desmosomes Within the Human Epidermis With High Precision

To perform co-localization analysis using super-resolution STED (stimulated emission depletion) microscopy, antibodies against several proteins of interest including Dsg1, Dsg3, Pg and Dp were selected. Figure 1 depicts a representation of a desmosomal sub-unit, showing the localization of each protein as described in the literature, sizes and distances depicted are mostly based on the work of North et al. (20). To sensitively detect co-localization of the proteins, antibodies against epitopes in close proximity within the desmosomal intracellular region were selected (Figure 1A). Only exception was a mouse anti-Dsg3-IgG (aDsg3(b), Figure 1A), which was used for co-staining with the rabbit anti-Dsg1-IgG. It was the only suitable mouse anti-Dsg3-IgG available to us and was directed against the extracellular region of Dsg3 instead. For all other experiments, the rabbit anti-Dsg3 IgG (aDsg3-a), directed against the intracellular domain was used (Figure 1A). For comparison, the size of a primary-secondary-antibody-dye stack is depicted (Figure 1B). STED microscopy which shows a much more precise local resolution of each fluorophore was employed. As a result, compared to already high-resolution confocal images co-localization values for each protein were about 2-3 times lower (Figure 1C). In addition, software settings were adjusted to recognize co-localization when at least 50 pixels were overlapping to minimize background staining which reduced co-localization values by about 8-fold compared to a pixel by pixel matching.



Distribution and Co-Localization of Desmosomal Proteins Vary Across the Different Epidermal Layers

The first set of experiments was carried out using the ex vivo human skin model as described before (21). Immunostaining for the two layer-specific markers loricrin and keratin14 were suitable to give a good indication for the granular layer (GL) and basal layer (BL) in human epidermis, respectively (Figure 2A). The staining of the two proteins in two consecutive sections from the same donor sample was used to differentiate between GL, spinous layer (SL) and BL. A gradient with increasing ratios of Dsg1 to Dsg3 staining towards more superficial layers was found (Figures 2B and  S1). This revealed the well-known superficial localization of Dsg1 and the more basal-dominant localization of Dsg3 observed in patient skin biopsies (1). Both Dsg 1 and Dsg3 showed a relatively uniform distribution along cell borders. No major differences were observed between the apical (BLA) and lateral side (BLL) of keratinocytes in the basal layer. Similarly, the desmosomal plaque proteins Dp and Pg showed a mostly uniform distribution across all epidermal layers.




Figure 2 | (A) Confocal microscopy images showing the identification of layers by staining of Loricin (red) and Cytokeratin 14 (Ck14 green) on the left and distribution of Dsg1 (green) and Dsg3 (red) along the epidermal layers and right. (B) Relative proportion of Dsg1 and Dsg3 along the different epidermal layers. (C) quantification of relative stained area of Dsg1 and Dsg3 along the epidermal layers. (D) STED microscopy images of the double staining borderof Dsg3 (red) and Dsg1 (green) at a single cell border, along the different epidermal layers. N (body donors)=3, n (cell borders)=2-7. *Significant difference to the value which is indicated that it is compared to.



The co-localization of Dsg1 with Dsg3 did not show a correlation with the expression ratio of Dsg1 to Dsg3 and instead showed a linearly decreasing trend from basal to apical (Figures 2D, 3A, B right most column). In the spinous layer (SL) the proportion of the two proteins was the most equal (Figures 2B, C). Despite the low amount of Dsg1 in the basal layer, the co-localization with Dsg3 was the highest for all layers. No difference between BLA and BLL was observed.




Figure 3 | (A) Confocal microscopy images of co-stainings of Dsg3 or Dsg1 (red) with Dp, Pg or Dsg1 (green). (B) STED microscopy images of zoom to single cell border of the different epidermal layers. Shown to the right are quantifications of the co-localization of the two stained proteins. (C) STED microscopy images of co-stainings of Dsg3 or Dsg1 (red) with Dp (green) in human skin samples, sowing a resolution on a single desmosome scale. White pointers domains containing only either Dsg1 or Dsg3, white arrows whole desmosomes, containing almost only Dsg1 or Dsg3. N (body donors)=5, n (cell borders)=2-6. *Significant difference to the value which is indicated that it is compared to.



Co-localization of Dsg3 with Dp showed no significant difference between BLA and BLL but increased significantly towards SL and GL. However, co-localization of Dsg3 and Dp in the GL was still significantly higher than in the basal layer (Figures 3A, B, left column). For Dsg1, the situation was comparable with no significant difference in co-localization with Dp between BLA and BLL and the highest degree of co-localization within SL. However, co-localization of Dsg1 with Dp in the GL was similarly low as within the BL (Figures 3A, B second column).

In most layers, co-localization of Dsg1 and Dsg3 with Pg was higher than with other desmosomal components. Co-localization of Dsg3 with Pg was highest in SL and relatively lower in all other layers (Figures 3A, B third column). In contrast, for Dsg1 a relatively higher and constant co-localization with Pg across all epidermal layers was observed (Figures 3A, B fourth column).

With STED microscopy it was possible to achieve a resolution on a single desmosome level (Figure 3C). The desmosomes featured the typical structure with two neighbouring areas of Dp immunostaining labelling the desmosomal plaques. On this scale, desmosomes (Figure 3C white arrows) or domains which contain either one of the two isoforms only (Figure 3C white arrow heads). Desmosomes in GL displayed very little co-staining of Dsg1 or Dsg3 with Dp (Figure 3).



In Pemphigus Patient Skin, Desmosome Number Was Altered More Than Desmosome Composition

In the second set of experiments, samples obtained from pemphigus vulgaris (PV) patients were studied. Lesions with typical pemphigus blister morphology were observed microscopically (Figures 4, 5A). The blisters were located in the basal-suprabasal interface of the epidermis and showed typical tombstoning (Figure 5A, white arrow heads). Especially in blister regions, desmosomal structure and composition was altered. Dsg3 staining appeared fragmented and depleted from cell borders (Figure 4 pink arrow heads), Dsg 1 and Dsg3 staining appeared clustered in some regions (Figure 4 white arrows) and some desmosomes appeared to be fragmented (Figure 4 pink arrows). In blister regions, split desmosomes were observed (Figure 4 a left, white arrow heads). In some cells Dsg-Dp containing units, smaller than desmosomes, were observed localized to the cytoplasm away from cell borders (Figure 4, white circles). Second, co-localization of desmosomal components was investigated in pemphigus patient skin lesions (Figure 5). Significant changes were reduced co-localization of Dsg1 with Pg in BLA and of Dsg3 with Pg in SL, respectively. Furthermore, a higher co-localization of Dsg1 with Dsg3 in GL was observed for pemphigus patients. Despite clear morphological changes, there were no significant differences in the co-localization of other proteins in pemphigus patient compared to control skin, nor any significant changes in blister regions compared to non-blister regions.




Figure 4 | STED microscopy images of single cell borders from control vs. PV patient skin, and confocal image for overview of control, unaffected PV skin and blister region of PV skin. Co-stained for: (A) Dsg1 or Dsg3 (red) and Dp (green). (B) Dsg1 or Dsg3 (red) and Pg (green). (C) Dsg3 (red) and Dsg1 (Green). Fragmented and depleted Dsg3 staining pink arrows, clustered Dsgs white arrows, Fragmented desmosomespink pointers, split desmosomes white pinters, cytoplasmic Dsg-Dp-units white circles. N (body donors)=5, n (cell borders)=2-6.






Figure 5 | (A) Confocal microscopy images of a Dsg1 (red) Dp (green) co-staining in control and PV patient skin (featuring a typical PV blister * and tombstoning cells: white pointers). (B) quantification of differences in co-localization of desmosomal proteins in different layers in pemphigus patients compared to control patients N (patients)=3, n (cell borders)=2-7. *Significant difference to the value which is indicated that it is compared to.



Third, the number of desmosomes in patient skin compared to controls was quantified (Figure 6). In both control and PV skin, the density of desmosomes along cell borders across the epidermal layers constantly and significantly increased towards the more superficial layers. In controls in BLA, the number of desmosomes per µm of cell border was significantly higher than for BLL indicating that at the basal-suprabasal interface more desmosomes are present than along the lateral membranes of basal layer keratinocytes. In patient skin, the number of desmosomes in SL, BLA and BLL was significantly reduced especially in blister regions. Only exception was GL, where the number of desmosomes was not altered in PV skin (Figure 6).




Figure 6 | Quantification of desmosomes per membrane length in pemphigus patient and control skin. N (patients) = 3, n (cell borders) =1-7. *Significant difference to the value which is indicated that it is compared to.






Discussion

In this study we characterized the composition of desmosomes in the different epidermal layers in healthy skin and compared changes to PV patient samples. We focused on co-localization of the pemphigus autoantigens Dsg1 and Dsg3 with plaque proteins Pg and Dp. The main findings of this study are that the desmosomes in different layers of the epidermis vary regarding their composition (Figure 7). Moreover, we found that in lesional PV epidermis the number of desmosomes is reduced significantly in both basal and spinous layers where extradesmosomal Dsg1 and Dsg3 were depleted. These findings are in line with disturbed desmosome assembly during pemphigus pathogenesis and correlate with acantholysis along the basal-suprabasal interface in PV.




Figure 7 | Schematic depiction of the distribution of the PV autoantigens Dsg1 (green) and Dsg3 (red) and the composition of desmosome along different epidermal layers in normal epidermis (left) and PV-affected epidermis (right). *Significant difference to the value which is indicated that it is compared to.




Desmosome Composition Changes During Keratinocyte Differentiation

The current literature describes that Dsg3 is expressed more in the lower epidermis whereas Dsg1 expression increases during keratinocyte differentiation towards superficial epidermal layers (7, 22–24). The findings of this study confirm these expression patterns of Dsg1 and Dsg3. For Dsg1 a significant increase was observed towards GL only whereas SL and BL had a very similar Dsg1 content. In this context, it was shown that Dsg1 downregulates EGFR signalling and thereby reduces keratinocyte proliferation and allows keratinocyte differentiation (25, 26). In parallel, Dsg1 via ErbB2 facilitates tight junction assembly and barrier formation in the granular layer (27–29).

We observed that the composition of desmosomes in the different epidermal layers varies with respect to co-localization of Dsg1 and Dsg3 with each other and with the desmosomal plaque proteins Pg and Dp (Figure 7). Interestingly, co-localization of Dsg1 with Dsg3 in basal layer desmosomes was higher than in the superficial epidermis. Especially in the spinous layer, desmosomes which contained either Dsg1 or Dsg3 were observed. The co-localization of Dsg1 with Dsg3 was generally relatively low in all layers (Figure 3A right column), which can in part be explained by the used antibodies, since the targeted domains are further apart than for the other antibody combinations (Figure 1A). However considering the size of one or especially two primary-secondary-antibody-dye stack (Figure 1B) this cannot explain the low values in full. This indicates, that Dsg1 and Dsg3 show little overlap overall.

The desmosomes in GL often appeared to contain only little of both Dsg1 and Dsg3, which indicates that the desmosomes contain a larger amount of other desmosomal cadherins such as Dsc1-3 or Dsg4. However, it needs to be considered that this phenomenon at least in part may result from decreased accessibility of the epitopes for the antibodies used because of the beginning transformation into corneodesmosomes by incorporation of proteins including loricrin as well as crosslinking of the extracellular domains by corneodesmosin (30, 31). These data indicate that desmosomes during keratinocyte differentiation across the different epidermal layers mature from contacts containing both Dsg1 and Dsg3 to more differentiated desmosomes where not all desmosomal cadherins are present equally.

Dp and Pg staining on the other hand appeared to be mostly uniform across all layers. In the spinous layer, both Dsg1 and Dsg3 were found to be localized together with Dp to a larger extent and thus are more confined to desmosomes compared to other layers. In contrast, co-staining of Dsg1 and Dsg3 with Pg was higher compared to Dp demonstrating that extradesmosomal cadherin pools were also present. Co-localization was equal and high for Dsg1 with Pg across all layers indicating that extradesmosomal Dsg1 is also abundant in basal and granular layer desmosomes. However, extradesmosomal Dsg3 appeared to be confined to the lower epidermis but in general less prominent since co-localization of Dsg3 with Pg and Dp were comparable.

These findings may have implications for the signalling function of desmosomes. Extradesmosomal Dsg1 and Dsg3 not only serve as a pool for the formation of new desmosomes but also have signalling functions which are at least in part different to mature desmosomes (32). Some signalling molecules including PKC and p38MAPK were found to be sequestered and regulated by keratin filaments in desmosomes although most of p38MAPK is found outside the cytoskeleton-bound protein pool (33–35). In contrast, Rho-GTPases, Src and EGFR were found in the extradesmosomal pool of Dsg3 and proposed to be involved in desmosome assembly (36, 37). Because signalling regulating desmosome-turnover is important for pemphigus pathogenesis (38), these results on desmosome composition may also be relevant for the alterations of desmosomes observed in PV lesional skin.



Desmosomes and Extradesmosomal Dsg Molecules Are Depleted Predominantly in the Lower Epidermis in PV Indicating Disturbed Desmosome Assembly

The histology observed for the pemphigus patient samples investigated in this study showed microscopically visible suprabasal blisters indicating a typical PV phenotype (1, 14). PV usually is associated with anti-Dsg3 and anti-Dsg1 autoantibodies which cause suprabasal blistering whereas autoantibodies against Dsg1 are believed to cause superficial blistering of the epidermis as observed in PF (10, 15). In the granular layer, we confirmed that Dsg3 expression was low and desmosomes contained Dsg1 presumably together with other desmosomal cadherins. This result would fit well to the concept that autoantibodies targeting Dsg1 alone in PF would cause superficial splitting as proposed by the desmoglein compensation hypothesis (39).

We found that in PV skin desmosomes were significantly predominantly reduced in the basal and spinous layer keratinocytes which is in line with previous findings (40). This holds true for sites of blister formation but also unaffected skin indicating that loss of desmosomes may indeed be a predominant factor for blister formation as suggested from human skin ex vivo models (21, 41). Pemphigus is a disease caused by disturbed turnover of desmosomes in which both assembly and disassembly were proposed to be affected (42, 43). In line with this, we found that extradesmosomal Dsg1 was significantly reduced at the basal-suprabasal interface and extradesmosomal Dsg3 was reduced in spinous layer keratinocytes indicating that loss of desmosomes in the lower epidermis may at least in part be caused by impaired desmosome assembly. In addition, split desmosomes were also found similar to ex vivo models (41) and other studies in patient skin (40, 44). The fact that basal desmosomes appeared to be immature and to contain both Dsg1 and Dsg3 may help to explain why autoantibodies against both isoforms are usually required for epidermal blistering in PV. On the other hand, no differences were found in the composition of desmosomes from the apical and the lateral side of basal layer keratinocytes both in control skin as well as in pemphigus patients. In contrast, in the ex vivo pemphigus model, apical but not lateral desmosomes were found to be preserved significantly when Erk was inhibited in parallel to incubation with PV-IgG (41).

Also, the loss of extradesmosomal Dsg1 and Dsg3 in the lower epidermis in PV lesions may reflect the role of signalling in epidermal blister formation. After incubation with PV-IgG and PF-IgG, both p38MAPK and Erk were found to be activated in the extradesmosomal pool whereas Src activation was confined to the desmosomal pool (45). The data presented here demonstrate that extradesmosomal Dsg1 and Dsg3 are prevalent at the basal-suprabasal interface where acantholysis is found in PV whereas in the granular layer, the site of epidermal splitting in PF, extradesmosomal Dsg1 exceeds the amount of Dsg1 localized to desmosomes. The loss of extradesmosomal Dsg1 and Dsg3 in PV skin correlates well with these signalling functions. Because antibodies against Dsg1 are known to be important for epidermal blistering and Dsg1 was reported to regulate signalling mechanisms in part differently compared to Dsg3 such as activation of the PLC/Ca2+ pathway, the prevalence of extradesmosmal Dsg1 at sites of blister formation in PV and PF would explain differences in the clinical phenotypes of pemphigus.




Materials and Methods


Human Skin Samples

Skin biopsies ~4 cm² was excised from the shoulder region of body donors deceased for less than 24 h and divided into ~0.25 cm² pieces and frozen in tissue freezing medium (Leica, Wetzlar Ger). Patient skin samples were obtained as frozen Blocks from the Charité Berlin.

Skin samples were cut into 6 µm thick slices and transferred to silicate glass coverslips for further processing.



Immunostaining

Samples were heated to 60°C for 30 min, washed with PBS and fixed with 8% glyoxal (with 20% ethanol in water at a pH of 4-5) for 30 min at room temperature (RT) or in ethanol (-20°C) shaking on ice for 30 min and acetone (-20°C) for 3 min. Glyoxal-fixed cells were permeabilized with 1% Triton X-100 in PBS for 45 min and blocked with 3% bovine serum albumin (BSA) and 1% normal goat serum in PBS for 30 min. Primary antibodies were applied over 3 h at RT STAR-RED- or Alexa 594-coupled goat-anti-rabbit/mouse secondary antibodies (Abberior GmbH, Göttingen, Ger) were incubated for 1 h and DAPI 1:10.000 for 15 min. The coverslips were mounted on glass slides using Prolong™ Diamond Antifade Mountant (Thermo Fisher GmbH Dreieich, Ger).



STED Microscope

After immunostaining, cells were mounted using ProLong™ Diamond anti fade mountant (Thermo Fisher GmbH Dreieich, Ger) and imaged using an Abberior 3D Stimulated emission depletion (STED) confocal microscope with IMMOIL-F30CC (Olympu GmbH, München, Ger) Star Red and Alexa 594 were excited at 638  nm and 594 nm respectively using pulsed diode lasers (PDL 594, Abberior Instruments; PiL063X, Advanced Laser Diode Systems). Fluorescent molecules were depleted at 775 nm with a pulsed fibre laser (PFL-P-30-775B1R, MPB Communications) and emission was detected with an avalanche photodiode detector at 605-625 and 650-720 nm range.



Statistical Analysis

Data were analysed using one/two-way-ANOVA using Graphpad Prism (Graphpad Software, USA). Brown-Forsythe test (one-way) and Barletts test (one-way) and correction and Tukeay correction for multiple comparisons was performed. Error bars represent SEM. Significance was assumed with p ≤ 0.05. Data are shown as mean ± SEM. Each n represents one independent experiment.
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In the endemic variants of pemphigus foliaceus (PF), in Brazil and Tunisia, patients generate pathogenic IgG4 anti-desmoglein 1 autoantibodies. Additionally, these patients possess antibodies against salivary proteins from sand flies that react with Dsg1, which may lead to skin disease in susceptible individuals living in endemic areas. This minireview focuses on recent studies highlighting the possible role of salivary proteins from Lutzomyia longipalpis (L. longipalpis) in EPF from Brazil and Phlebotomus papatasi (P. papatasi) in EPF from Tunisia. We will briefly discuss the potential mechanisms of molecular mimicry and epitope spreading in the initiation and development of endemic PF (EPF) in Brazil and Tunisia.
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Introduction

Autoimmune diseases affect more than 2.5% of populations (1). Both genetic and environmental factors drive the development of autoimmune diseases. Loss of immunological tolerance to self-antigens results in autoimmunity. Autoantibodies could have evolved during B cell clonal expansion, activated either by self-antigens or by foreign antigens. Molecular mimicry (shared immunologic epitope between foreign and self-antigens) is a general mechanism to explain how exogenous antigens can trigger a specific autoimmune response (2, 3). Infections could induce autoimmune diseases by molecular mimicry between microbes and self-antigens. For instance, molecular mimicry between microbes and certain self-antigens may be implicated in the development of rheumatic fever (4) and rheumatoid arthritis (5, 6). Epitope spreading (ES) may be another fundamental mechanism of the immune responses to foreign antigens relevant in autoimmunity (7–10). ES is utilized by the immune system to diversify the B cell and T cell responses to specific regions of antigens and, in some cases, to cross-reactive epitopes located on unrelated proteins (mimicry). From this initial response, the recognition units of the immune system spread their reactivity to epitopes within the initial antigen (intramolecular) or to epitopes located in neighboring molecules (intermolecular). In some cases, ES involves previous sensitization of T cells by cryptic neoantigens released of apoptosis or inflammation of local tissues or organs. Additionally, T cells may be activated not by antigenic epitopes but rather by local inflammatory cytokines. The term “bystander activation” has been used for this process (9, 10). The possible mechanisms of ES in autoantibody-mediated blistering diseases of the skin have been thoroughly reviewed previously (11, 12).

The environmental inducers of most autoimmune diseases remain to be fully disclosed (13); hence, identifying these triggers is important for closing a knowledge gap and developing strategies to avoid or eliminate the triggers for disease prevention and for novel therapeutic approaches.



The Endemic Variants of Autoimmune Pemphigus Foliaceus


The Endemic PF From Brazil

The endemic form of PF, also known as Fogo Selvagem (FS), has been reported in certain subtropical regions of Brazil since the beginning of the 20th century (14). FS shows several unique epidemiologic features, such as the geographic and temporal clustering of patients, an increased frequency of familial patients among young adults and children (15), and an association with certain distinct HLA-DR alleles DRB1*0404, 1402, or 1406 (16). Like the nonendemic forms of PF seen in the USA and worldwide, FS is characterized by subcorneal blisters with acantholysis and pathogenic IgG4 autoantibodies that recognize conformational and calcium-dependent epitopes on the ectodomain of desmoglein 1 (Dsg1), a key desmosomal adhesion molecule in the epidermis (15, 17–24). Purified IgG4 and its F(ab’)2 and Fab’ fragments from FS anti-Dsg1 IgG fractions were pathogenic using the passive transferred mouse model (25, 26). T cells from FS patients also recognize Dsg1 and produce IL-4, IL-5, and IL-6, but not γ-IFN, which this response has a Th2-like cytokine profile (27).

Desmosomal cadherins, i.e., desmogleins (Dgs) Dsg1, Dsg2, Dsg3, and Dsg4 and desmocollins (Dsc) Dsc1, Dsc2, and Dsc3 are critical for epidermal integrity (28, 29). The ectodomain of cadherins is composed of five domains (EC1-EC5), and the C-terminal EC5 is proximal to the membrane with no significant homology to the four “cadherin repeats” (EC1-EC4). Harrison et al. have convincingly demonstrated that the interaction between Dsg and Dsc is heterophilic, with their ectodomains intermingling with each other by trans adhesive forces that generate epidermal cell-cell adhesion (29). It is thought that tryptophan 2 (Trp 2) from one desmosomal cadherin monomer of a cell insert into an “acceptor pocket” made, in part, by the RAL (Dsg) or YAT (Dsc) hydrophobic residues from an opposite monomer by a strand-swap process (30, 31). Mutations of Trp2 or RAL pocket residues impair the adhesive function of these molecules (32–36). Importantly, we determined that pathogenic IgG4 from FS patients binds a conformational epitope on the EC1 domain of Dsg1 that overlaps the “acceptor pocket” or adhesive site of this molecule, thus impairing the heterophilic interaction of Dsg1 and Dsc1 (24). These findings have been confirmed and extended using IgG autoantibodies from patients with active PF, Pemphigus Vulgaris (PV), and pathogenic monoclonal antibodies against the trans adhesive site of Dsg1 and Dsg3 (37). The authors concluded that autoantibody-induced steric hindrance, rather than intracellular activation, maybe a relevant mechanism of acantholysis in these patients. Additional mechanisms may operate in the acantholysis induced by PV autoantibodies as reported by Di Zenzo et al. (38). They generated monoclonal antibodies from two PV patients and found that some of these antibodies are pathogenic in vitro and in vivo and recognize epitopes located on the cis-adhesive site of EC1 and EC2 of Dsg3. Hence, it is likely that in PV, the population of pathogenic anti-Dsg3 autoantibodies may include subpopulations that impair the trans and cis interactions of Dsg3. Original studies by Waschke et al., utilizing atomic force microscopy and IgG from PV and PF patients, showed that PV autoantibodies blocked Dsg3 homophilic trans-interactions, whereas PF autoantibodies did not inhibit Dsg1 homophilic interactions (39–41). In conclusion, the autoantibody tools provided by FS, PF, and PV patients are enabling investigators to test the role of desmosomal cadherins in acantholysis, the hallmark of these autoimmune skin diseases.



The Unique Humoral Autoimmune Response to Dsg1 in FS and Healthy Inhabitants From Endemic Regions of FS

We have focused our studies on the Amerindian reservation of Limao Verde (LV) located in the State of Mato Grosso do Sul, Brazil, where a high prevalence (3.4% population) of FS was reported (19). Remarkably, a significant number (55%) of healthy individuals from LV possess nonpathogenic IgG anti-Dsg1 antibodies (42) . FS possess predominantly IgG4 pathogenic anti-Dsg1 autoantibodies and a few mixed with non-pathogenic IgG1-IgG3 as well (21) (43–46). Moreover, a highly sensitive and specific “IgG4 predictor” of FS was developed by serological analysis of the IgG isotypes of the anti-Dsg1 response from 214 FS patients and 261 normal individuals from endemic areas (46). Using this predictor, we found that approximately 50% of FS patients possess IgG4 anti-Dsg1 autoantibodies from one to seven years before disease onset, during the preclinical stage of the disease (42, 46, 47). We further showed that IgG autoantibodies from active FS patients recognize the EC1 and EC2 domains of Dsg1, whereas antibodies from FS patients prior to disease onset and healthy individuals from LV all recognize the EC5 domain of the molecule (47).



Anti-Dsg1 Autoantibodies Cross-React With Sand Fly (Lutzomyia longipalpis) Salivary Proteins LJM11 and LJM17

Epidemiological studies suggest that hematophagous insect bites are risk factors of FS (48, 49) in FS endemic areas, including sand flies (L. longipalpis), kissing bugs (reduviid), and black flies (simuliid). They are vectors of disease-causing parasites in leishmaniasis, Chagas disease, and onchocerciasis, respectively (49–51). We found that sera of these patients possess nonpathogenic IgG antibodies against the EC5 domain of Dsg1 (52), suggesting that insect-derived antigens cross-react with the EC5 domain of Dsg1. Because chronic exposure to environmental allergens or insect saliva usually induce IgE and IgG4 antibody responses (53, 54), we tested the sera of FS and healthy inhabitants from the endemic regions of FS for IgE and IgG4 anti-Dsg1 antibodies. We detected high levels of IgE and IgG4 anti-Dsg1 in both groups that were positively correlated (55, 56).

Since nonpathogenic anti-Dsg1 antibodies were detected in sera of leishmaniasis patients (52), we reasoned that while taking their blood meal in humans, L. longipalpis inoculates salivary proteins that induce cross-reactive anti-Dsg1 antibodies. Two of these salivary proteins, L.JM11 and LJM17, were well-characterized and available (57, 58). It was also known that mice (59) and human volunteers (60), immunized by L. longipalpis bites, generate specific antibodies to salivary antigens LJM11 and LJM17, and is believed to be markers of chronic exposure of humans to L. longipalpis bites (61). We focused our studies on the Amerindian reservation of LV (19), where FS, leishmaniasis, and L longipalpis are endemic. Thus, Qian et al. (62) showed that IgG4 and IgE antibodies from FS sera and anti-Dsg1 monoclonal antibodies reacted with salivary gland extracts from L. longipalpis. Additionally, they tested a small number of FS sera (n=10) and two FS anti-Dsg1 monoclonal antibodies against recombinant LJM11, LJM17, and LJL143 from L longipalpis and found that they recognize only LJM11. By testing a larger set of sera from FS patients (n=68) and normal individuals (n=100) from LV and nonendemic control populations [from Sao Paulo (n=33), USA (100), and Japan (70)], we found that FS and normal settlers from this endemic focus had significantly higher values of IgG4 anti-LJM17 antibodies than nonendemic controls (P < 0.001) (63). LJM11 was also recognized by IgG4 antibodies from sera of FS and endemic normal settlers. The levels of IgG anti-Dsg1, IgG4 anti-LJM17, and anti-LJM11 antibodies correlated positively in normal settlers and patients with FS (63). Further, affinity-purified anti-Dsg1 IgG autoantibodies from sera of an FS patient and a healthy person living in LV cross-reacted with LJM17 and LJM11 (63). These findings suggest cross-reactivity of the anti-Dsg1 and anti-LJM17/LJM11 antibodies was extended to experimental animals. Interestingly, 6 of 10 mice, immunized with LJM17 produced IgG1 antibodies (human IgG4 homolog), strongly cross-reacted with recombinant human Dsg1, LJM17, and LJM11 (63). Dsg1 inhibited the binding of these murine IgG1 antibodies to Dsg1 in a dose-dependent manner, which suggests cross-reactivity of these antibody systems (63). The immune cross-reactivity between LJM17 and Dsg1 was confirmed by immunization of chickens (n=2) and rabbits (n=2), which do not possess IgG subclasses (63).

Thus, these findings (62, 63) strongly suggest that salivary antigens LJM17 and/or LJM11 from L. longipalpis elicit a cross-reactive anti-Dsg1 autoantibody response in FS patients and normal settlers from endemic areas of FS.



Anti-Dsg1 Monoclonal Antibodies From FS Patients Cross-React With LJM11 and Other Cadherins

Qian et al. (64) were successful in producing monoclonal antibodies from B cells of 7 FS patients and B cells from one individual in the pre-clinical stage of the disease, mostly IgM and IgG, and a few IgG4. Two of these mAbs recognized LJM11 (62). They concluded that the anti-Dsg1 response in FS is antigen-driven. Unfortunately, the amounts of mAbs were scarce, applicable to analytical assays, but hindering in vivo or in vitro testing for pathogenicity. Later, Qian et al. (65) constructed IgG4 phage display libraries using mRNA isolated from Epstein-Barr virus (EBV)-transformed B cells derived from three FS patients. After panning the libraries with either Dsg1 or LJM11, 14 independent mAbs (single-chain fragment variable or scFv) were isolated. Unexpectedly, all the scFv mAbs cross-reacted with both Dsg1 and LJM11, and none showed monospecific reactivity. Potential cross-reactivity to LJM17 was not tested. The V genes of all the mAbs were extensively mutated, suggestive of antigen selection. However, two revertant mAbs (reverted to the germline sequence) still reacted with both Dsg1 and LJM11, suggesting that either LJM11 or Dsg1 or both could drive the development of the cross-reactive antibodies in FS (65).

A recent study by Peng et al. (66) showed that a set of 13 anti-Dsg1 FS mAbs recognized the ectodomains of the desmosomal cadherins (Dsg2-4, Dsc1-3, and E-cadherins) as well as with LJM11. They tested mAbs IgG1 and IgG4 anti-Dsg1 derived from FS patients and IgG1 anti-Dsg1 from a pre-FS. Sequence alignment of the eight cadherins revealed six relatively conserved segments. Peptides corresponding to the six homologous sequences of Dsg1 were synthesized and tested for their binding to the mAbs. Out of the six peptides, only a linear peptide 3 (Dsg1-3 peptide), located on the EC2 domain of Dsg1, showed reactivity with the mAbs. The authors proposed that the homologous epitope (homologs of Dsg1-3 peptide) on each of the cadherin is likely mimicked by LJM11 structurally. As a result, anti-LJM11 antibodies react with all the cadherins by cross-reactivity. Thus, the identified cross-reactive epitope on Dsg1 could be the primary target of anti-LJM11 antibodies, which lead to the initial autoantibody response in FS (66). A limitation of this study is that only mAbs were analyzed. The immunoreactivity of Dsg1-3 peptide with serum IgG of endemic healthy individuals, pre-FS, and FS patients was not tested. It is surprising that all the tested mAbs had the same cross-reactive specificity to eight cadherins and LJM11, and none showed monospecificity. Of note, the mAbs (hybridoma or scFv) were originated from EBV-transformed PBMC of FS patients (64, 65) and EBV transformation may have influenced the FS B cells. Nevertheless, mAbs cloned using these protocols of hybridoma or phage clones may be biased due to technical limitations and are not likely to represent the circulating antibody repertoire (67).



The Endemic PF in Tunisia

Endemic PF was initially reported in Tunisia in the early 1990s by Morini et al. (68) and Bastuji-Garin et al. (69) and confirmed by clinical features and laboratory findings (histology and immunofluorescence). The frequency of PF cases was higher in young women from certain rural regions of Tunisia as compared with a large area of France, with few cases in children and men, unlike FS in Brazil. Tunisian EPF was also seen in family clusters like FS (70), but the HLA DRB1*03, a marker of Tunisian EPF patients (71), differed from HLA markers of FS (DRB1*0404, 1402, or 1406) (16). Additionally, there was an overlap of endemic PF and leishmaniasis in some geographic areas of Tunisia (72) and Brazil (19), with distinct vectors of the parasitosis (P. papatasi in Tunisia and L. longipalpis in Brazil).



Anti-Dsg1 Autoantibody Response in Healthy Tunisian Individuals and Tunisian PF

Kallel-Sellami et al. (73) studied the anti-Dsg1 autoantibody response in Tunisian EPF patients (n=29) and normal individuals from the region (n=179). They found IgG4 anti-Dsg1 autoantibodies in EPF and 17% of the healthy individuals showed IgG2 anti-Dsg1 autoantibodies (73). The same investigators extended these studies to include a set of Tunisian EPF (n=90), healthy controls, unrelated to EPF patients (n=270), and 203 samples from healthy relatives of EPF patients. They found positive anti-Dsg1 IgG autoantibodies in over 80% of the patients, 7.4% of the unrelated control group, and 15.7% in healthy controls related to EPF patients (74). We reported, however, that 55% of normal individuals, relatives of FS showed positive IgG1 anti-Dsg1 tests (21, 42, 44). Toumi et al. (75) found that anti-Dsg1 IgG from healthy Tunisian individuals bound epitopes of the C-terminal extracellular domains (EC3 to EC5). Epitopes recognized by Tunisian PF patients, however, were more widely distributed throughout the extracellular domains, suggesting IgGs against EC1 and EC2 developed during disease progression by ES.



Connecting Sand Fly Bites to the Anti-Dsg1 Response in Tunisian EPF

In 2007, Sellami et al. (76) began to test the sera of patients with vector transmitted diseases such as cutaneous leishmaniasis (P. papatasi) and hydatidosis for anti-Dsg1/Dsg3 autoantibodies. They found positive results in 21.7% (n=23) of serum samples from patients with leishmaniasis and in 40% (n=35) of samples from hydatidosis patients which were mostly IgG1, IgG2, and IgG3. In serological studies conducted in Brazil, we found that 43% (n=88) of the sera of leishmaniasis cases possessed anti-Dsg1 autoantibodies that recognize the EC5 domain of Dsg1 (52). In additional studies, Zaraa et al. (77) tested the sera of Tunisian EPF (n=31), Tunisian zoonotic leishmaniasis (n=60), healthy controls (n=91), and bullous pemphigoid (n=31). They found that 58% of the EPF sera recognize Dsg1 and 26% a salivary gland extract from P. papatasi. They also found that 13% of the sera of zoonotic leishmaniasis bound Dsg1 and 53% the salivary extract. A low percentage of control sera bound these antigens.

In a recent study, these investigators have extended their studies to test the role of the salivary protein, PpSP32, from P. papatasi as the trigger of the humoral anti-Dsg1 and anti-Dsg3 responses in Tunisian EPF (78). They did not report endemic cases of PV, which is mediated by anti-Dsg3 antibodies. They showed that PpSP32 interacts with human Dsg1 and Dsg3 in vitro and interestingly, mice immunized with PpSP32 produce antibodies that recognize not only this protein but also Dsg1 and Dsg3. Since the reactions with Dsg1 and Dsg3 cannot be inhibited by PpSP32, they concluded that the antibodies produced by mice did not cross-react with Dsg1/Dsg3. The authors did not address if these PpSP32 induced anti-Dsg1 and anti-Dsg3 antibodies are independent systems or bear some degree of cross-reactivity. Additionally, they showed that sera from Tunisian leishmaniasis patients exhibited high titers of anti-PpSP32 (n=56), anti-Dsg1 (n=14), and anti-Dsg3 (n=17) antibodies, which positively correlated. Incubation of these sera with PpSP32 protein did not abolish the reactivity with Dsg1 or Dsg3. Marzouki et al. (78) proposed the intriguing hypothesis that B and T cells from susceptible individuals recognize PpSP32/Dsg1 or PpSP32/Dsg3 complexes and become activated, producing anti-Dsg1 and anti-Dsg3 autoantibodies. This assumes that antigen-presenting B cells are already primed for Dsg1 or Dsg3 and the generation of the immunogenic complex in the patient would be a key step in the immunization process. However, it is known if sand flies are solenophagous insects (79) that pierce the epidermis and reach the upper dermis capillaries to feed and deposit their saliva around these capillaries away from the epidermal desmosomal cadherins (Dsg1 & Dsg3) (80, 81). This feeding mechanism would weaken the molecular complex formation as suggested by Marzouki et al. (78), unless there is a soluble pool of these epidermal cadherins that diffuse down to the dermis, which is unknown to occur.




Conclusions and Future Perspectives

Patients with EPF from Brazil and Tunisia, normal inhabitants, and patients with leishmaniasis who live in the same endemic areas are constantly bitten by L. longipalpis and P. papatasi, respectively (82). Thus, they are exposed to salivary antigens from these vectors and surprisingly generate anti-Dsg1 and anti-Dsg3 autoantibodies. Although these research studies are exciting, they are preliminary and have not yet fulfilled the criteria for environmentally associated autoimmune diseases (Koch’s postulates) (83) to attribute an etiologic role to the sand fly salivary antigens for EPF. Work is in progress to develop experimental animals that, upon immunization with the sand fly salivary antigens, may duplicate the human autoantibody-mediated skin disease.

In the FS model (Figure 1A and Table 1), normal individuals and FS patients sharing the same endemic environment possess autoantibodies against Dsg1 (19–21, 42). In patients, these anti-Dsg1 autoantibodies are IgG4 restricted, pathogenic by passive transfer to neonatal mice, and specific toan epitope of the EC1 domain of Dsg1 (21, 24). During the pre-clinical stage of FS and through clinical remission induced by therapy, the sera possess non-pathogenic IgG1 antibodies against the EC4-5 domain of Dsg1 (47). Importantly, in normal individuals from endemic areas, the non-pathogenic anti-Dsg1 autoantibodies are IgG 1 and bind the EC4-5 epitopes of the antigen (24, 47). The production of pathogenic IgG4 anti-Dsg1 antibodies in FS patients is likely to be the result of the ES mechanism, from an initial reactivity to the EC4-5 of Dsg1 to the EC1 domain where the pathogenic epitopes are located. The ES runs in parallel with the IgG isotype switch from nonpathogenic IgG1 to pathogenic IgG4.




Figure 1 | Pathways from insect bites to Endemic Pemphigus Foliaceus (EPF). (A) During chronic exposure to sand fly L. longipalpis bites, insect salivary proteins including LJM17 and LJM11 are injected into the upper dermis of human skin and elicit a host anti-saliva immune response. Some of the non-pathogenic anti-LJM17 and anti-LJM11 antibodies (Abs) cross-react with human Dsg1 through molecular mimicry. Subsequent intramolecular epitope spreading (ES) and isotype switch, the humoral IgG response will go from non-pathogenic cross-reactive epitopes to pathogenic epitopes of Dsg1 resulting in the production of pathogenic IgG4 autoantibodies (Abs). (B) Following exposure to sand fly P. papatasi bites, insect salivary proteins including PpSP32 are injected into the upper dermis. PpSP32 protein would interact with Dsg1 and Dsg3 to form immunogenic molecular complexes which elicit an Abs response through the mechanism of intermolecular ES (from the PpSP32 antigen to Dsg1 or Dsg3). These Abs would in time lead to the Tunisian EPF. Experimental data, to date, shows that the cross-reactive Abs against Dsg1 induced by LJM17 and LJM11 from L. longipalpis and the Abs against Dsg1 and Dsg3 following immunization with PpSP32 antigen from P. papatasi are not pathogenic.




Table 1 | Sand fly salivary antigens trigger anti-Dsg1 and/or anti-Dsg3 IgG antibody responses.



Of interest, the sera of patients with leishmaniasis, where L longipalpis is the vector, contain non-pathogenic anti-Dsg1 autoantibodies that recognize the EC5 domain of Dsg1 (52). The sera of FS patients and normal individuals, sharing the same endemic environment, also possess IgG4 antibodies against the salivary proteins LJM17 and LJM11 from L. longipalpis. These antibodies against LJM17/LJM11 positively correlate with IgG anti-Dsg1 antibodies present in patients and controls (62, 63). Mice, chickens, and rabbits immunized with LJM17/LJM1 produced strong cross-reactive antibodies against Dsg1 (63). The binding of these cross-reactive anti-Dsg1 antibodies to human Dsg1 was inhibited by LJM17, LJM11, and Dsg1 by ELISA. The cross-reactive antibodies, however, were not pathogenic when tested in neonatal mice. Whether the cross-reactive epitopes on the ectodomain of human Dsg1 and L. longipalpis LJM17/LJM11 are similar remains to be determined. It is expected that genetically predisposed humans and experimental animals could develop pathogenic anti-Dsg1 autoantibodies if exposed to the appropriate cross-reactive epitopes of Dsg1 and LJM17/LJM11.

In the Tunisian EPF model (Figure 1B and Table 1), patients and normal individuals sharing the same endemic environment possess autoantibodies against Dsg1 and Dsg3 (78). Interestingly, a significant number of patients with Tunisian EPF and Tunisian leishmaniasis possess anti-Dsg1 IgG autoantibodies and antibodies against the PpSP32 salivary protein from P. papatasi that positively correlate. A recent study shows that the PpSP32 associates with Dsg1 and Dsg3 and produces an immunogenic complex that may initiate the autoantibody response in patients and mice. Although the investigators detected anti-Dsg3 antibodies in their Tunisian patients and controls, they did not report endemic cases of PV as reported in Brazil (84). As in Tunisian subjects, anti-Dsg3 autoantibodies were also found in low titers in the Brazilian endemic populations (85, 86), which may be relevant if cases of endemic PV are also identified in Tunisia. Marzouki et al. (78) found no cross-reactivity between antibodies to human Dsg1, or Dsg3, and PpSP32 using inhibition assays adapted to their needs. These results are expected since there is no sequence homology between PpSP32, LJM17/LJM11, and Dsg1. Thus, the anti-Dsg1 and anti-Dsg3 autoantibody response induced by PpSP32 likely resulted from intermolecular ES through the physical association of PpSP32 to epidermal Dsg1 and Dsg3.

In summary, these phenotypes of PF observed in Brazil and Tunisia represent autoimmune diseases where the autoantibody response may be linked to an environmental etiology, i.e., salivary proteins from sand flies autochthonous to these countries. Work is needed to generate an experimental animal that may exhibit the classic clinical and histological features of PF by active immunization with these antigens. These experimental models may offer the opportunity to study the progress of the IgG isotype and IgE responses to these antigens that lead to the generation of pathogenic anti-Dsg1 autoantibodies.
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Mucous membrane pemphigoid (MMP) and anti-laminin (LM) γ1 pemphigoid, two subtypes of subepidermal autoimmune bullous diseases characterized by autoantibodies against epidermal basement membrane zone proteins, mainly show mucosal and skin lesions, respectively. The known autoantigens of MMP includes BP180, BP230, LM332, integrin α6β4 and type VII collagen, and anti-LMγ1 pemphigoid targets LMγ1. In this study, we present an unique MMP case with oral mucosal lesions, which showed positive IgA signals on basement membrane zone in indirect immunofluorescence using normal human skin and on dermal side in indirect immunofluorescence using salt-split skin, positive IgA autoantibodies against LMγ1 by immunoblotting of epidermal extracts, positive IgA autoantibodies against LMα5 by immunoblotting of LM521 recombinant protein (rLM521) and positive IgG autoantibodies against LMγ1 by immunoblotting of rLM111 and rLM521 at first visit (Day 0). After therapy, further serological analyses of serum samples collected at Day 30 and Day 50 indicated that IgA autoantibodies against LMγ1 were likely to be pathogenic. These results suggest that LMγ1 is another autoantigen of MMP, and our patient might be the first reported case of anti-LMγ1 MMP.




Keywords: mucous membrane pemphigoid, laminin γ1, laminin α5, autoantibody, oral lesion



Introduction

Subepidermal autoimmune bullous diseases are a group of rare skin disorders characterized by autoantibodies against epidermal basement membrane zone (BMZ) proteins which include bullous pemphigoid, mucous membrane pemphigoid (MMP), anti-laminin (LM) γ1 pemphigoid and others (1).

MMP affects one or more mucous membranes and occasionally involves the skin (1). Known MMP-related autoantigens are BP180, BP230, LM332, integrin α6β4 and type VII collagen (2).

Anti-LMγ1 pemphigoid, also called anti-p200 pemphigoid, was first reported in 1996 as unique two cases with IgG autoantibodies to an unidentified 200-kDa protein (p200) present at the dermal side of BMZ (3). In 2009, our group identified this p200 autoantigen as LMγ1 and therefore proposed to rename this disease entity as anti-LMγ1 pemphigoid (4). Clinically, anti-LMγ1 pemphigoid presents mainly skin lesions and occasionally mucosal lesions (5).

In this study, we present a unique MMP case with only oral mucosal lesion, in which our serological studies suggested IgA anti-LMγ1 autoantibodies as pathogenic antibodies. We finally made a tentative diagnosis of anti-LMγ1 MMP for this case.



Case Description

A 49-year-old female presented with erythematous and erosive oral mucosal lesions on the gingiva, tongue and buccal mucosa, and white striae on the tongue and buccal mucosa (Figure 1, Day 0) without any lesions on the skin or other mucous membranes Histopathology of biopsy from white striae on the left buccal mucosa showed atrophic mucosal epithelium with vacuolar degeneration of basal cells, and severe inflammatory infiltration of lymphocytes and plasma cells with formation of lymphoid follicle in the upper dermis (Figure 2). Direct immunofluorescence showed no BMZ deposition for IgG, IgA, IgM and C3 (data not shown).




Figure 1 | Changes of clinical features of this patient. The clinical features on the gingivae (left) and buccal mucosa (right) at Days 0, 30 and 50 are shown.






Figure 2 | Histopathological features of this patient. Histopathological features for the biopsy taken from the lesions on the left buccal mucosa (H&E staining, original magnification, x200). Blue, green and yellow arrows indicated the vacuolar degeneration, plasma cell and lymphocyte, respectively.



By indirect immunofluorescence (IIF) using normal human skin, the patient serum taken at Day 0 showed IgA, but not IgG, anti-BMZ antibodies, without antibodies to keratinocyte cell surfaces (Figures 3A, B). By IIF using 1M NaCl-split normal human skin (ssIIF), the patient serum taken at Day 0 showed only IgA binding to the dermal side of the split skin (Figures 3C, D).




Figure 3 | Indirect immunofluorescence using normal human skin (IIF) and using 1M NaCl-split normal human skin (ssIIF) for the patient serum taken at Day 0 and Day 50. IgA (A), but not IgG of (B), anti-BMZ antibodies were detected in IIF for serum taken at Day 0. IgA (C), but not IgG (D) antibodies bound to the dermal side of the split in ssIIF for serum taken at Day 0. IgA antibodies were not detected in both IIF (E) and ssIIF (F) for serum taken at Day 50.



We next performed various immunoblotting and ELISA assays for this patient serum taken at Day 0. Immunoblotting of normal human dermal extract detected IgA, but not IgG, autoantibodies against LMγ1 (Figure 4A). Immunoblotting of LM111 recombinant protein (rLM111) detected IgG, but not IgA, autoantibodies against LMγ1 (Figure 4B). Furthermore, IgA anti-LMα5 and IgG anti-LMγ1 autoantibodies were identified in immunoblotting of rLM521 (Figure 4C). This serum showed negative results in other tests, which are routinely performed in our laboratory for detection of other known autoantibodies in autoimmune bullous diseases, including commercially available ELISAs for BP180, BP230, type VII collagen, desmoglein 1 and desmoglein 3 (MBL, Nagoya, Japan), and in house ELISAs using recombinant proteins of LM332, integrin α6β4, integrin β4 intracellular domain, integrin β4 extracellular domain, peptides of BP180, desmoglein 1 and desmoglein 3, as well as immunoblotting analyses of normal human epidermal extract, concentrated culture supernatant of HaCaT cells and hemidesmosome-rich fraction prepared from A431 cells.




Figure 4 | Immunoblotting analyses. Immunoblotting analyses of normal human dermal extract (A), rLM111 (B) and rLM521 (C) were performed for IgG and IgA autoantibodies against LMγ1 and LMα5 in patient sera collected at Days 0, 30 and 50. The serum of an anti-LMγ1 pemphigoid patient and anti-LMα5 monoclonal antibody (LMα5 mAb) were used as positive controls.



Based on the clinical features and immunological findings, this patient was first diagnosed as MMP with IgG and IgA autoantibodies against LMγ1 and IgA antibodies against LMα5. The treatment with minocycline hydrochloride 100 mg/day was initiated.

Then, this patient visited us two more times at Day 30 and Day 50. Clinically, erosive oral mucosal lesions improved with time on the therapy (Figure 1, Day 30 and Day 50). By both IIF using normal human skin and ssIIF, neither IgG nor IgA anti-BMZ antibodies were detectable for sera collected at Day 30 and Day 50 (Figures 3E, F and data not shown). In immunoblotting of normal human dermal extract, IgA reactivity with LMγ1 reduced gradually with time (Figure 4A). In immunoblotting analyses of rLM111 and rLM521, IgG reactivities with LMγ1 were not changed with time (Figures 4B, C). In immunoblotting of rLM521, IgA reactivity with LMα5 at Day 30 was similar to that at Day 0, but reduced at Day 50 (Figure 4C).

Based on the changes of clinical features, IgA reactivity in IIF studies, and the results of the 3 immunoblotting studies along with time after the therapy, we considered that IgA, but not IgG, autoantibodies against LMγ1 may be pathogenic, while it is currently unknown whether circulating IgA autoantibodies against LMα5 were involved in the pathogenesis of this disease. Therefore, we finally made a tentative diagnosis of anti-LMγ1 MMP.



Discussion

In a very recent MMP study for 154 cases, the rates of autoantigen detection for BP180, BP230 and LM332 were 58.4%, 1.9% and 8.4%, respectively (6). In 2017, we reported 721 MMP suspected patients, in which the rates of autoantigen detection for BP180 alone, LM332 alone and both of BP180 and LM332 were 38.5%, 20.9% and 7.5%, respectively (7). In another MMP study for 78 cases, the rates of autoantigen detection for BP180, BP230, LM332 and type VII collagen were 33.3%, 11.5%, 11.5% and 3.8%, respectively (2). Although large cohort studies of antibodies to integrin α6β4 in MMP have not yet been performed, we reported that 27 (62.8%) of 43 pure ocular MMP patients targeted integrin β4 (8). The results of these studies suggests that BP180 is the major autoantigen of MMP, followed by LM332 and integrin α6β4, whereas some unidentified autoantigen(s) may still exist.

The present study suggested that LMγ1 is also an autoantigen of MMP. Anti-LMγ1 antibodies were detected in previously reported MMP cases with known MMP autoantibodies (9). However, our patient was the first case with clinical features of MMP, which showed antibodies to LMγ1 (and LMα5) but not any known MMP autoantibodies, suggesting that LMγ1 is one of the MMP autoantigens. Therefore, it is necessary to screen autoantibodies against LMγ1 in MMP suspected cases, particularly when autoantibodies against BP180, LM332, integrin α6β4, BP230 and type VII collagen were negative. Our case is also the first case with IgA antibodies to LMα5, although their pathogenic relevance is currently unclear and future studies for the similar cases are needed to clarify it.

For detection of IgG autoantibodies against LMγ1 in the sera of anti-LMγ1 pemphigoid cases, we usually use immunoblotting analyses of normal human dermal extract and LMγ1-contaning LM trimer such as rLM521 and rLM111, and all of these tests are positive in most cases (4, 9). In addition, anti-LMγ1 pemphigoid cases rarely show IgA anti-LMγ1 antibodies (5). However, although all these immunological studies were repeatedly performed in our anti-LMγ1 MMP case, immunoblotting of dermal extract always detected IgA anti-LMγ1 autoantibodies, and those of rLM521 and rLM111 detected IgG anti-LMγ1 antibodies. The true reason for this discrepant reactivity with LMγ1 is currently unknown. However, the different reactivity of IgG and IgA antibodies may be due to the different epitopes within LMγ1 molecule for IgG and IgA antibodies.

On clinical features, our anti-LMγ1 MMP case showed only oral lesions without skin lesions. In contrast, anti-LMγ1 pemphigoid mainly shows skin lesions with occasional concurrence of oral mucosal lesion.

Considering the positive IgA anti-BMZ antibodies detected by IIF and ssIIF, the negative results of direct immunofluorescence might be false negative. For diagnosis of autoimmune bullous diseases, there is a certain false negative rate of direct immunofluorescence, particularly for MMP. Actually, in our recently published paper, the positive rate of direct immunofluorescence in anti-LM332-type MMP was 89.8% (88 in 98 cases) (10).

There is a limitation of this study that minocycline hydrochloride might simply be acting as a protease inhibitor, and therefore serum autoantibody titers might not be correlated with disease response.

In summary, we reported for the first time that LMγ1 may also be another autoantigen of MMP, and propose a new disease entity, anti-LMγ1 MMP. Significance of IgA antibodies to LMα5 should be clarified in the future studies for the similar cases.
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Mucous membrane pemphigoid (MMP) is a heterogeneous group of rare, chronic, subepithelial autoimmune blistering diseases (AIBDs) with predominant involvement of mucous membranes that can be sight-threatening and life-threatening. Rituximab (RTX) has demonstrated its efficacy in severe MMP refractory to conventional immunosuppressants in small series that differed in RTX scheme, concomitant therapies, and outcome definitions. In a meta-analysis involving 112 patients with MMP treated with RTX, complete remission (CR) was reported in 70.5% of cases. Herein, we report the largest retrospective monocentric study on RTX efficacy in a series of 109 severe and/or refractory patients with MMP treated with RTX with a median follow-up period of 51.4 months. RTX was administered in association with immunomodulatory drugs (dapsone, salazopyrine) without any other systemic immunosuppressant in 104 patients. The RTX schedule comprised two injections (1 g, 2 weeks apart), repeated every 6 months until CR or failure, with a unique consolidation injection (1 g) after CR. The median survival times to disease control and to CR were 7.1 months and 12.2 months, respectively. The median number of RTX cycles required to achieve CR in 85.3% of patients was two. The larynx was the lesional site that took the longest time to achieve disease control. One year after RTX weaning, CR off RTX was obtained in 68.7% of cases. CR off RTX with only minimum doses of immunomodulatory drugs was achieved in 22.0% of patients. Further, 10.1% of patients were partial responders and 4.6% were non-responders to RTX. Relapse occurred in 38.7% of cases, of whom 91.7% had achieved CR again at the last follow-up. In MMP, CR was achieved in a longer time and after more rituximab cycles than in pemphigus, especially for patients with MMP with anti-type VII collagen reactivity. RTX with concomitant immunomodulatory drugs was not responsible for an unusual proportion of adverse events. This large study confirms that RTX is an effective therapy in patients with severe and/or refractory MMP, corroborating previous findings regarding the effects of RTX on AIBDs such as pemphigus.
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Introduction

Mucous membrane pemphigoid (MMP) comprises a heterogeneous group of rare, chronic, autoimmune subepithelial blistering diseases responsible for blistering and erosions with predominant involvement of mucous membranes and a tendency of scarring (1–3). MMP diagnosis relies on clinical examination, histological examination, and the identification of immune deposits along the basement membrane zone on direct immunofluorescence (DIF) or direct immunoelectron microscopy (DIEM) (2). Serum immunological analyses may identify auto-antibodies directed against several basement membrane antigens such as BP180, BP230, laminin-332, α6β4-integrin, and collagen VII (2). MMP primarily affects the oral and conjunctival mucosa but may involve all malpighian mucous membranes. Patients with mild disease, involving only the oral mucosa and/or skin, might achieve complete remission (CR) with topical corticosteroids or with immunomodulatory drugs, such as dapsone, sulfasalazine, and tetracycline (2, 4–6). However, in severe cases with the involvement of multiple sites or isolated ocular, or laryngo-tracheal/esophageal mucous membrane involvement, a more aggressive first-line approach is usually employed to prevent the consequences of mucous membrane inflammation and scaring that might lead to irreversible sequelae or death. In such patients, conventional immunosuppressants (ISAs) such as cyclophosphamide or mofetil mycophenolate, alone or in association with corticosteroids, have been shown to have good efficacy and are usually rapidly started (2, 7–9). Nevertheless, the latter might be insufficient or contra-indicated. In studies with small series, biologic therapies such as off-label rituximab (RTX) have been shown to be useful in achieving CR in MMP cases. In 2011, we published a series of 25 patients with severe and/or refractory MMP treated with RTX, of whom 88% achieved CR after one or two cycles of RTX (10). As per recent European guidelines, RTX is indicated in association with dapsone for the treatment of MMP refractory to ISAs (2). Recently, a systematic review investigated the literature regarding MMP treated with biologics and concluded that 70.5% of 112 patients treated with heterogenous RTX regimens achieved CR, with a 35.7% recurrence rate during a mean follow-up period of 1.9 years (11). Since MMP is a rare disease, controlled studies are difficult to conduct and retrospective studies of well-characterized patients in real clinical settings with long term follow-up are of significant interest. Herein, we provided the outcomes of 109 patients with MMP treated at our center with the same off-label RTX protocol during a 10-year period to investigate the efficacy of RTX in MMP according to outcome definitions outlined in the 2015 expert consensus statement on MMP (12). Statistical analyses were performed to identify the factors associated with CR, and relapse.



Methods

This single center, retrospective study was conducted on patients followed-up between 2009 and 2021 at Avicenne Hospital (Assistance Publique-Hôpitaux de Paris, Bobigny, France), using the computer database (eDBAI) of the referral center for AIBDs. We obtained local institutional review board approval to conduct this study (#CLEA-2022-236).


Patient Selection

All patients with a diagnosis of MMP who received RTX at our center between 2009 and 2019 were identified by a computer search in the eDBAI database and were screened for inclusion. This inclusion period avoided the screening of patients reported in our previous study (10). To accurately evaluate RTX efficacy, we excluded MMP cases having received RTX for a surgical procedure while being in CR, those with less than 6 months of follow-up after baseline, or those with concomitant initiation of RTX and another biologic therapy (e.g., intravenous immunoglobulins, omalizumab) during the same period.



Standard Assessment of AIBD in our Referral Center

All patient information was systematically recorded and stored in a computerized medical chart standardized for AIBDs after obtaining written informed consent from the patients. The definite diagnosis of subepithelial AIBD and its type relied on a multidisciplinary clinical assessment recording past medical history; cutaneous and mucous membrane lesions; as well as histological and immunological tests, as recommended (2, 3) and previously reported (13). The methods used included direct immunofluorescence (DIF), indirect immunofluorescence (IIF) on rat and/or monkey esophagus and primate salt-split skin, direct immunoelectron microscopy (DIEM), serum anti-BP180-NC16A and anti-BP230 IgG using commercial enzyme-linked immunosorbent assays (ELISAs), serum anti-collagen VII IgG using commercial and/or in-house ELISA (14), and IgG immunoblotting performed with human amniotic membrane extract (15). A multidisciplinary clinical assessment was systematically performed including, at first visit and during follow-up, dermatologists, stomatologists, ophthalmologists, and otorhinolaryngologists from the referral center. The scoring of the fibrotic component of ocular involvement used the stages described by Foster et al. (3, 16). In cases of MMP with isolated chronic fibrotic conjunctivitis, serum immunological analyses and DIF of another uninvolved site were frequently negative, and conjunctival biopsy for DIEM analysis may be postponed or not carried out considering the risk of worsening the sight-threatening ocular scarring in case of diffuse activity. In such cases, chronic conjunctivitis with limbitis may be regarded as a distinctive sign of ocular MMP (3). Thus, in evocative cases of ocular MMP without DIF or DIEM positivity, MMP diagnosis relied on clinical exclusion of alternative diagnoses (2). MMP with anti-type VII collagen reactivity were defined according to DIEM (electron-dense immune deposits on the anchoring fibrils, Figure 1) results and/or presence of circulating anti-type VII collagen antibodies in accordance with the 2018 consensus on epidermolysis bullosa acquisita (EBA) (17).




Figure 1 | Immune deposits in indirect immunofluorescence microscopy on salt-split skin and in direct immunoelectron microscopy in a patient with MMP with anti-type VII collagen reactivity. Indirect immunofluorescence microscopy on primate salt-split skin showing a labeling of the floor of the cleavage by the serum of a patient with MMP with anti-type VII collagen reactivity (A). Direct immunoelectron microscopy in a patient with MMP with anti-type VII collagen reactivity showing thick IgG (B) and C3 (C) deposits (large arrows) in the anchoring fibril zone below the lamina densa (LD, thin arrows) and split (asterisk) below them (Ep, epidermis; De, dermis).





RTX Administration Schedule in Patients With MMP

A collegial decision of the department of dermatology to begin RTX administration as an off-label therapy was taken considering our previous experience in the field with patients with MMP in therapeutic impasse and/or bearing comorbidities that did not allow the use of other conventional ISAs (2, 9, 10). In patients with a history of cancer in remission, the agreement of the referring oncologist was required to start RTX therapy. The RTX schedule comprised a first cycle at baseline (two infusions of 1 g, 2 weeks apart). Conventional ISAs (e.g., cyclophosphamide, mofetil mycophenolate) were stopped before RTX therapy which was used in combination with immunomodulatory therapies (e.g., dapsone, sulfasalazine, tetracyclines). If patients already received topical or systemic corticosteroids, a stable dose was maintained until disease control (DC). Some patients with MMP with severe disease and without clinical improvement at the 3-months follow-up from baseline received a second cycle of RTX (two infusions of 1 g, 2 weeks apart) at this point. From the sixth month from baseline, additional cycles (two infusions of 1 g, 2 weeks apart) were repeated every 6 months until CR. After reaching CR, patients with MMP had a consolidation cycle of RTX (one infusion of 1 g, 6 months apart from the last cycle) before RTX cessation. In relapsing patients after RTX cessation, RTX was resumed according to the same schedule. For patients exhibiting partial remission or chronic relapse, RTX infusions were continued every 6 months with one or two infusions of 1 g, 2 weeks apart, on an individual basis. In case of RTX failure (see below), RTX administration was stopped, and an alternative therapy was commenced. The management of therapeutic de-escalation after reaching CR comprised the maintenance of immunomodulatory drugs at the same dosage until CR off RTX, before their progressive tapering to achieve CR off RTX with minimal therapy.



Outcome Definitions

Outcomes were defined according to the 2015 consensus statement for MMP (12). The baseline was defined as the day that patients with MMP were administered the first RTX injection. DC was defined as the absence of new lesions with only established lesions in healing. DC was reported for each site individually and for all sites involved. CR was defined as the absence of new non-transient or healing of established lesions for 2 months in all sites involved; CR on RTX and CR off RTX were defined according to the time from the last RTX infusion in CR patients; those still in CR 1 year after the last RTX infusion were classified as CR off RTX. CR off RTX with minimal therapy was defined as CR off RTX with minimal doses of concomitant immunomodulatory drugs as defined in the 2015 consensus statement (e.g., dapsone ≤1.0 mg/kg/d, salazopyrin 1 g/d, doxycycline 100 mg/d, colchicine 0.5 mg/d). Partial response was defined as the halving of the activity part of the MMP disease area severity index (MMPDAI) score in comparison with baseline. Patients who did not reach partial response were considered as non-responders. Patients with absence of improvement after the first two RTX cycles or with insufficient response subsequently (non-responders or partial responders) with persistence of mucous membrane involvement at high risk of complications such as ocular, laryngo-tracheal, and esophageal involvement were considered as RTX failure. Time to DC and time to CR were defined from baseline to the date of the first visit presenting with DC or CR, respectively. Relapse was defined as non-transient lesion occurrence. The endpoint of the follow-up was defined as the last visit or the date on which RTX was replaced by another therapy for patients with RTX failure.



Collected Data

The data collected included baseline information, sex, results of diagnostic investigations, age at diagnosis, time duration between first symptoms and diagnosis, clinical involvement at diagnosis, and treatment lines before RTX.

At baseline, gender, age, time duration between first symptoms/diagnosis and baseline, indication for RTX therapy, concomitant treatments received from baseline in association with RTX, data on clinical involvement, and MMPDAI (activity score) were collected. For topical corticosteroids, only the skin application of high-potency topical corticosteroids (betamethasone dipropionate or propionate clobetasol ≥10 g/d) was recorded.

During follow-up, the response to RTX (no response, partial response, CR, CR off RTX, CR off RTX with minimal therapy), time to achieve DC for each site involved and for the whole sites, time to achieve CR, number of RTX cycles and injections to achieve DC and CR, date and treatment of relapses, adverse events, number of RTX cycles and injections at last follow-up, concomitant treatments at last follow-up, and follow-up duration were collected. Lymphopenia was defined as a lymphocyte blood count <1.0 G/L. Neutropenia was defined as a neutrophil blood count < 0.5 G/L. Severe adverse events were defined as grade 3 adverse events according the common terminology criteria for adverse events (CTCAE v5.0) (18).



Statistical Analysis

Descriptive and comparative analyses were computed with StatView software (v5.0, SAS Institute Inc). Quantitative variables were expressed as medians and interquartile range or extreme values, as indicated, according to normality assessed by the Shapiro-Wilk test. Time to DC, time to CR, and time to relapse were determined with Kaplan-Meier survival curves and were expressed as median survival times and standard deviations. Qualitative variables were presented as numbers and proportions. Adverse events were expressed as number, proportions, and incidence per 100 person-year, which was calculated based on the follow-up duration from baseline, except for coronavirus disease 2019 (COVID-19)-related adverse events that only included the patients followed-up during the COVID-19 pandemic.

To identify factors influencing the CR, patients in CR and those without CR were compared at the 8-month follow-up and included only patients with 8 months of follow-up after baseline. CR was studied at the 8-month follow-up because, considering the definition of CR given above, it corresponded to complete healing without new lesions from the 6-month follow-up and afforded sufficient numbers of patients in groups for statistical analyses. Analyses aimed at identifying factors influencing the relapse included only patients having reached CR and having ≥12 months of follow-up after the CR date. For quantitative variables, univariate comparisons between the different subgroups of patients with MMP were performed using Mann–Whitney tests, but for time to CR, log-rank tests were used. For qualitative variables, univariate comparisons were performed using Pearson’s χ2 tests, with or without Yate’s continuity correction, or Fisher’s exact tests, as appropriate, according to the size of the sample. The factors associated with response to RTX were identified by univariate and backward stepwise multivariate logistic-regression analyses, with their respective significance levels set at <0.20 and <0.05.

Besides, to assess factors influencing the CR, time to CR determined with Kaplan-Meier survival curves were studied for clinical and immunological parameters. For these univariate comparisons, log-rank tests were used. Prism® software (GraphPad Software Inc., San Diego, CA, USA) was used to perform the figures of Kaplan-Meier survival curves.




Results


Study Population Before RTX Therapy

We identified 121 patients with MMP who received RTX during the study period. Twelve were not included in the study based on the exclusion criteria (Figure 2). The study cohort included 109 patients (Table 1). There was a slight majority of females (51.4%). The median age at MMP diagnosis was 69.7 years and the median time between first symptoms and diagnosis was 15.9 months (range: 0–475 months). The diagnosis had been confirmed by the identification of linear immunoglobulins or complement deposits on the basement membrane zone on DIF and/or DIEM in 93 patients (85.3%). Specifically, 81 patients (74.3%) had immune deposits on DIF, and 76 patients (69.7%) had immune deposits in DIEM of whom 12 were negative on DIF (11.0%). IIF was positive in 36 patients (33.0%) and circulating antibodies were found in 52 patients (47.7%) in ELISA or immunoblotting. The antibodies against specific basement membrane antigens found in ELISAs or immunoblotting were antibodies to BP180 (29.4%, n = 32), collagen VII (9.2%, n = 10), BP230 (6.4%, n = 7), laminin 332 (5.5%, n = 6), LAD-1 (3.7%, n = 4), and α6 subunit of α6β4 integrin (1.8%, n = 2). Three patients had a negative result for anti-BP180-NC16A ELISA but had a 180-kDa band by immunoblotting. Ten patients (9.2%) had circulating antibodies to several antigens of the basement membrane zone. Nine patients were diagnosed as MMP based on clinical examination, after alternative diagnoses had been ruled out, in the absence of immune deposits in DIF (n = 6) or in DIEM (n =3) and without circulating antibodies in ELISA. In these nine cases, the MMP involved a unique mucous membrane: conjunctival in eight and tracheal in one.




Figure 2 | Study flow chart.




Table 1 | Mucous membrane pemphigoid characteristics at diagnosis.



Strictly mucosal involvement was observed in 51.4% of the 109 patients, and mucocutaneous involvement was observed in 48.6%. Severe MMP accounted for 95.4% of cases with ≥3 mucosal sites involved in 67.0% of patients and/or a mucosal involvement at high risk of complication; ocular conjunctivae, larynx, or esophagus were involved in 59.6%, 49.5%, and 8.3% of cases, respectively. A previous period of CR before baseline was only reported in 9.2% of cases; 80.7% of patients had undergone non-immunosuppressive treatments, such as dapsone and/or salazopyrine (67.9%), and 66.1% had been administered one or more conventional ISAs, notably cyclophosphamide (50.5%).



Study Population at Baseline

RTX therapy was commenced in patients with MMP with a median age of 70.5 years (range: 16–93 years), after a median time of 35.8 months between the first symptoms and baseline (range: 1.3–486.0 months) and a median time of 7.4 months between the diagnosis and baseline (range: 0.3–280.7 months) (Table 2). RTX therapy was commenced in patients with active MMP having a median MMPDAI score of 10.9 (range: 0–52) with a median number of two sites involved (range: 1–6 sites); ≥3 sites were involved at baseline in 40.4% of cases. The most common mucosal sites involved were the mouth (61.5%), conjunctivae (51.4%), and larynx/trachea (39.4%); laryngeal involvement is not included in MMPDAI explaining that some patients had a value of zero for the MMPDAI score. All 56 patients with conjunctival involvement had severe involvement with Foster’s stage ≥IIC, of whom 49 patients (87.5%) had Foster’s stage ≥III, for at least one eye. Patients with MMP had an active disease refractory to immunomodulatory drugs (i.e., dapsone, salazopyrine, colchicine, acitretin, and doxycycline) and conventional ISAs in 82.6% and 66.1% of cases, respectively. The other factors that led to RTX use were treatment side-effects, contraindication to conventional ISAs, and non-compliance to treatments (28.4%, 22.9%, and 5.5%, respectively). At baseline, the concomitant therapies used with RTX comprised immunomodulatory drugs (78.0%), systemic corticosteroids (4.6%), and skin application of topical corticosteroids (15.6%). No patient had other conventional immunosuppressants at baseline.


Table 2 | Patient characteristics at baseline.





Clinical Response After RTX Adjunction to Concomitant Treatments and Outcome

During the median follow-up time of 51.4 months (range: 1.2–132.8 months), patients with MMP received a median value of four cycles of RTX corresponding to six RTX infusions (Table 3). Most patients received ≥2 RTX cycles (89.0%). Within 1 year after baseline, patients with MMP received a median value of two RTX cycles (range: 1–4 cycles). The median time between the first two cycles of RTX was 6.1 months, but 24 patients (22.0%) underwent a second cycle before the fourth month from baseline.


Table 3 | Outcome of rituximab therapy in patients with mucous membrane pemphigoid.



After baseline, 97 patients (89.0%) achieved DC with a median survival time of 7.1 months after one RTX cycle (median) (Table 3). The site with the longest time taken to achieve DC was the larynx/trachea, with a median survival time of 8.2 months. Ninety-three patients (85.3%) achieved CR with a median survival time of 12.2 months after two RTX cycles (median). The number of RTX cycles to achieve CR ranged from one to seven cycles and only 29 patients (26.6%) were in CR after a single cycle (Table 3). Repeating the cycles according to the schedule resulted in an increase of the cumulative proportion of patients having achieved CR for the first time (Figure 3). This cumulative proportion reached 61.5% for those having undergone one to two cycles and 74.3% for those having undergone one to three cycles (Figure 3). From baseline, 49 patients (45%) achieved CR within a year. In the 93 patients that achieved CR, the median time duration in CR at the end of the follow-up was 28.9 months. During the follow-up, 64 of the 109 patients (58.7%) achieved CR off RTX, which lasted for a median time of 24.9 months; 24 patients (22.0%) achieved CR off RTX with minimal therapy, which lasted for a median time of 21.1 months; 40 patients (36.7%) achieved CR off RTX but still received higher doses of immunomodulatory drugs than those receiving minimal therapy (see methods for doses), for a median time of 21.7 months. Twenty-nine of the 109 patients (26.6%) did not achieve CR off RTX at the last follow-up and were still in CR on RTX.




Figure 3 | Cumulative proportion of patients with mucous membrane pemphigoid that achieved complete remission with rituximab.



After CR, 36 of the 93 patients (38.7%) experienced at least one relapse and nine (9.7%) had at least two relapses (Table 3). The first relapse occurred 0.8 to 110.4 months after CR and involved a median number of one site (range: 1–3 sites) with a median MMPDAI score of 2.25, which was lower than the baseline score. The most frequently involved mucosal site during relapses was the conjunctiva (44.0%). After this first relapse, CR was achieved again in 33 patients (91.7%) in 3 to 37.8 months after one cycle of RTX (median); the remaining three patients had insufficient follow-up after relapse to evaluate their response to the treatment.

At the last follow-up, 97.2% of patients underwent immunomodulatory concomitant therapies, notably dapsone or sulfasalazine (90.8%) (Table 3). None of the patients in CR were administered concomitant conventional ISAs and only one patient was still receiving systemic corticosteroids (0.9%). At the last follow-up, 16 patients (14.7%) did not achieve CR, 11 (10.1%) only achieved partial response, and five (4.6%) had no response to RTX. In the 16 patients without CR, a median of one site was still involved (range: 1–3) at the last follow-up and mainly comprised conjunctival (50.0%) and laryngeal mucous membranes (31.1%). RTX failure was concluded in five patients (4.6%) after five RTX cycles in median, corresponding to four of the 11 patients in partial response PR and one of the five non-responders; the four remaining cases of non-responders were not yet considered RTX failure at the last follow-up because of their short follow-up period after baseline. The five patients with RTX failure then underwent alternative therapies (IVIG, cyclophosphamide, anti-TNFα); there was no disease improvement in four patients. One of them achieved complete remission after undergoing combination therapy with anti-TNFα and IVIG.



Adverse Events During Follow-Up After Baseline

During follow-up, 51 of the 109 patients (46.8%) had biological or clinical adverse events, of whom 23 patients (21.1%) had severe adverse events according to CTCAE grading (Table 4). Biological adverse events were reported in 29 patients (26.6%) and comprised lymphopenia in 28 patients (25.7%) and severe neutropenia in one patient that led to RTX cessation after the first cycle. Nevertheless, 24 of the 28 patients (84.7%) with lymphopenia already had lymphopenia before RTX therapy after having received cyclophosphamide, and none of them had a lymphocyte blood count <0.5 G/L.


Table 4 | Adverse events during follow-up.



Clinical adverse events were reported in 31.2% of the 109 patients with MMP and occurred after a median number of two cycles of RTX (range: 1–7 cycles). Most of those comprised infectious events (18.3%) with a broad spectrum of reported infections. Notably, 12 of the 109 (11.0%) patients had infectious pneumonitis, four (3.7%) had bacterial urinary tract infections, and four (3.7%) had severe bacterial or candida septicemia. Three patients (2.7%) had COVID-19 infections before COVID-19 vaccination was available. Notably, nine of the 12 patients who developed pneumonia had laryngeal involvement at baseline. The incidence for infectious diseases was 4.1 per 100 person-year. The incidences for each infectious cause were below 1.0 per 100 person-year; however, for COVID-19 infection and bacterial pneumonitis, the incidences were 3.16 and 2.47 per 100 person-year, respectively. Non-infectious adverse events occurred in 11.0% of patients; 4.6% had mild infusion reaction. Six patients (5.5%) had cancer (two breast adenocarcinomas, one of which was a local relapse from a cancer previously in remission, one prostatic adenocarcinoma, one bronchopulmonary carcinoma, and two skin carcinomas) at a median age of 74.1 years (range: 54.6–84.3 years). Except for patients with skin carcinomas, all patients with cancer adverse events had received cyclophosphamide before RTX. None of the patients who had cancer had antibodies to laminine-332.

Seven patients (6.4%) with a median age of 79.9 years died during the follow-up. Deaths occurred at a median time of 13.2 months after the last RTX infusion. Three deaths were not considered as related to RTX (one from a cerebral vascular stroke in an 83-year-old patient, one from a bronchopulmonary cancer that occurred 8 years after the last RTX infusion, and one from a ruptured aneurysm). Four deaths (3.7%) were possibly related to RTX (one from stage IV breast adenocarcinoma, one with severe bacterial pneumonia complicating an MMP-related tracheal stenosis, and two from unknown causes).



Factors Associated With Response After RTX Therapy in Patients With MMP

First, as follow-up time durations varied among cases, we aimed at identifying factors significantly associated with CR by comparing patients with or without CR at the 8-month follow-up (Table 5). Univariate analyses included 101 patients with MMP of whom 27 achieved CR and 74 did not achieve CR 8 months after baseline (Table 5). Patients in CR at the 8-month follow-up had received significantly less RTX cycles/injections during these first months, which was in line with treatment schedule described in the methods section. Some parameters recorded had P-values <0.2 (age at diagnosis, MMP with anti-type VII collagen reactivity, having received or being refractory to conventional ISAs, time duration between diagnosis and baseline, ocular involvement at baseline, activity MMPDAI score at baseline, initiation or resumption of disulone or salazopyrine after baseline) but none of them demonstrated P-values <0.05 in univariate analysis (Table 5). The backward stepwise logistic-regression multivariate analyses retained the time between the first symptoms and baseline (OR, 0.986; [95% CI 0.973–0.998]; P = 0.0265), the activity MMPDAI score at baseline (OR 0.944; [95% CI 0.890–1.00]; P = 0.0495) and being refractory to conventional ISAs (OR 0.299; [95% CI 0.105–0.849]; P = 0.0495) as factors associated with the absence of CR at the 8-month follow-up. For this logistic-regression model, R-squared was 0.117.


Table 5 | Univariate analysis: factors associated with complete remission at 8-month follow-up in 101 patients with MMP.



Second, we aimed at identifying parameters significantly associated with a longer survival time to CR. The same parameters as for the analyses at the 8-month follow-up were studied. Patients with MMP with anti-type VII collagen reactivity achieved CR in a longer time (P = 0.0186, median survival time: 16.6 months) in comparison with patients with MMP without anti-type VII collagen reactivity (median survival time: 12.1 months) (Figure 4A). Patients with an esophageal involvement also achieved CR in a longer time (P = 0.0053, median survival time: 35.1 months) in comparison with patients without esophageal involvement (median survival time: 12.1 months) (Figure 4B). The difference observed according esophageal involvement might be dependent on the “MMP with anti-type VII collagen reactivity” parameter. Indeed, patients with MMP with anti-type VII collagen reactivity had significantly (P = 0.026) more frequently esophageal involvement at baseline (33.3%) in comparison with other patients (3.1%) and demonstrated the longer time to achieve CR among patients with esophageal involvement. For the other parameters studied, the groups had no significant difference in the time to achieve CR. Notably, the survival analysis comparing the groups with or without IgA deposits in DIF or DIEM, circulating anti-BP180 antibodies, or ocular involvement at baseline showed no significant difference (Figures 4C–E). Noteworthy, as patients with MM-EBA, patients with ocular involvement had received more RTX injections during the first year (P = 0.0092) of follow-up and during the entire follow-up (P = 0.0583) than those without ocular involvement.




Figure 4 | Kaplan-Meier survival curves for complete remission. Survival curves for complete remission in patients with MMP with anti-type VII collagen reactivity and MMP without anti-type VII collagen reactivity (A), and depending on the presence of esophageal involvement (B), IgA deposits in DIF or DIEM (C), circulating anti-BP180 antibodies (D), or ocular involvement (E).



At the end of the follow-up, the CR rate was not significantly different between patients with MMP with anti-type VII collagen reactivity and other patients (P > 0.9999). Nevertheless, patients with MMP with anti-type VII collagen reactivity had required significantly more RTX cycles/injections (P = 0.0186) than other patients with MMP to achieve CR (Figure 5).




Figure 5 | Cumulative proportion of patients with MMP with anti-type VII collagen reactivity MMP without anti-type VII collagen reactivity that achieved complete remission with rituximab. np, no RTX cycle performed.





Factors Associated With Relapse in Remittent Patients With MMP After RTX

Univariate analyses aiming to identify factors associated with the relapse at the 6-month follow-up after CR included 86 patients, 68 of whom did not relapse and 13 of whom did (Table 6). No parameter was found significantly associated with the relapse in univariate and multivariate analyses.


Table 6 | Univariate analysis: factors associated with relapse within 6 months after complete response in 86 patients with MMP.






Discussion

RTX is a murine-human chimeric monoclonal antibody directed against CD20, a cell surface marker expressed by B cells after the late pre B-cell stage (except plasma cells), and is responsible for prolonged B-cell depletion followed by a 6-month delayed recovery period (19, 20). Following clinical trials, meta-analyses, and a prospective multicenter randomized trial (21–24), RTX is now recommended in first line therapy for moderate to severe pemphigus in combination with oral corticosteroids (25, 26). RTX has also been used off-label, alone or in combination therapies, with success in a wide range of other refractory AIBDs, including MMP (10, 11, 27, 28). Herein, we reported a large monocentric retrospective real-life series of patients with MMP treated with RTX without conventional ISAs. We established that RTX in association with immunomodulatory drugs is an effective therapeutic option in severe and/or refractory MMP, achieving a cumulative CR rate of 85.3% after one or multiple cycles. Our series provides a large contribution to the field as 109 patients were included with a long-term follow-up of 51.4 months (median). In comparison, the largest study to date on patients with MMP treated with biologics was a recent systematic review from Lytvyn et al. (11). This review involved 63 studies and included 331 patients, 112 of whom were treated with RTX, and some of them concomitantly received conventional ISAs (10, 27).


Limitations

Since MMP is rare, there is a limitation regarding the number of patients that can be recruited in studies. Our study was retrospective, covering a period of 10 years that corresponded to a change in our therapeutic management of patients with MMP since concomitant treatments with RTX (conventional ISAs) were stopped in the center to avoid side effects. This study was monocentric, performed on a cohort of patients followed up in a French referral center for AIBD, that ensures a homogenous management by a multidisciplinary team regarding systematic evaluation, diagnoses, and therapeutic schedule for RTX and concomitant therapies. Despite screening 121 patients for inclusion, this monocentric setting might have led to a loss of statistical power. Since patients were referred from other centers in France or nearby countries, this might have induced loss of sight when patients wished to continue their follow-up closer to their home, and might have therefore caused the exclusion of some cases or shortened follow-up duration. Nevertheless, 109 patients were included with a median follow-up duration >4 years. Since non-responders with severe MMP might have received a second RTX cycle 3 months after baseline on an individual basis (see Methods), this might have resulted in the administration of different RTX regimens according to disease severity. This indication bias might have reduced our chance to identify clinical factors influencing the response to RTX as severely affected patients underwent more RTX injections during the first year of follow-up.



Comparison of the Study Population With Previous Literature

Our study population had similar epidemiologic characteristics as those in previous studies; there was a predominance of females (11, 29–31) as well as diseases lasting for several years before RTX therapy since MMP diagnosis had been delayed for several months to years (28, 30, 32). The median age at MMP diagnosis (69.7 years) was in line with average values reported in other studies (3, 9, 31), but was higher than that in the systematic review by Lytvyn et al. (11). At the time of diagnosis, the most common sites involved in our study in decreasing order of frequency were nasopharyngeal, oral, ocular, laryngeal, genital, and anal MM, which was comparable with previous findings (1, 30, 31, 33), apart from a higher proportion of nasopharyngeal involvement. In comparison with the study by Lytvyn et al., our series had less frequent ocular involvement (59.6% vs. 70.1%) but more frequent laryngo-tracheal (49.5% vs. 23.9%) and buccal involvement (65.1 vs. 39%), in line with previous publications by our multidisciplinary team (34). These differences might be a consequence of the large amount of studies involving ocular monosite MMP in the review by Lytvyn et al. and from center specificities in the multidisciplinary evaluation; notably, patients with MMP were systematically examined by a stomatologist, an ophthalmologist, and an otorhinolaryngologist in our referral center, which might explain higher rates of ENT involvement considering that the latter might be asymptomatic (34, 35). The rate of skin involvement was similar to that in previous studies (3). The proportion of patients with MMP having symptomatic esophageal disease was higher in this series (8.3%) than in our previous retrospective study that included 477 patients with MMP (36).

The population study demonstrated similar severity in comparison with other retrospective studies including patients with MMP, considering the proportion of severe disease (95.4%), patients with ≥3 sites (67.0%) at diagnosis, and patients with multisite involvement (64.2%) at baseline (9, 10, 27, 30). Regarding therapeutics prior to baseline, fewer patients had been treated with systemic corticosteroids in our study (11.0%) in comparison with the pooled population from the systematic review (11). This discrepancy resulted from local management guidelines aimed at preventing long-term use of corticosteroids and its inherent complications, according our previous therapeutic experience with MMP (9, 10). A much larger proportion of our patients had experienced failure with immunomodulatory therapies (80.7%) and conventional ISAs (66.1%) in comparison with the patients included in the systematic review (35.0% and 46.5%, respectively); however, these therapies had reduced the number of sites affected at baseline (median: 2 sites) in comparison with diagnosis (median value: 3 sites)

Interestingly, in comparison with the 25.1% of patients who received concomitant ISAs with RTX therapy as reported in the systematic review (11), only 4.6% of our patients received concomitant systemic corticosteroids and none received other ISAs. Contrastingly, a higher proportion of patients received concomitant immunomodulatory drugs (78.0% vs. 15.1%). Thus, this series allowed us to better evaluate RTX efficacy in combination with immunomodulatory drugs.



Outcomes of Patients With MMP Treated With RTX and Factors Associated With the Outcomes

DC is rarely analyzed in studies on MMP. The percentage of patients that achieved DC in our series (89%) was lower than the DC rate of 100% reported in a previous study involving patients receiving RTX and conventional therapies, including immunosuppressants (27). Nevertheless, the DC rate in our study was higher compared to those reported in studies by Lamberts et al. and Rashid et al. (67.9% and 81%, respectively) (28, 33). The median survival time to DC (7.1 months) in our series was shorter than the average time to DC (10.2 months) reported by Maley et al., but was longer than the 14.5 weeks reported by Lamberts et al. (28). We used Kaplan-Meier curves to estimate the median survival in order to take into account the disparity of follow-up times and censures across patients; this might explain the difference in median time observed in those studies. Regarding DC according to sites, we found that laryngeal involvement had a longer median survival time than the other sites involved. Moreover, the larynx was still affected in 31% of patients without CR at the last follow-up. These results support other studies highlighting that laryngeal involvement may be more refractory to RTX (37). The conjunctivae was the site with the second longest median survival time to DC (6.3 months), which was close to the medial survival times of buccal and genital involvement (5.7 months). Thus, ocular lesions did not take longer to heal than other mucosal sites such as buccal or genital mucous membrane, as suggested in previous studies (9, 38, 39).

RTX regimen and concomitant therapies differ in retrospective studies reporting RTX efficacy in patients with MMP, making it difficult to compare the resolution outcomes (10, 11, 27, 28). Only 4.6% of patients were non-responders to RTX and 95.4% were responders (85.3% with CR; 10.1% with partial response) in our series. These results are similar to those of a previous study at our center, which reported 92% of responder patients after one or two RTX cycles (10). Nevertheless, the RTX regimen differed between the two studies and the median number of RTX cycles received was higher in the current one. The definition of CR also differed between the two studies and required to have complete healing and no new lesions for 2 months in the current one. Besides, a second cycle of RTX was systematically proposed 4 to 6 months after baseline in non-CR patients to achieve CR and 6 months after baseline in CR patients to consolidate the remission in the current series. These parameters might explain why the CR rate after a unique cycle was 68% in the previous study and only 26.6% in the current one. The proportion of responders (95.4%) is notably much higher than that reported in the study by Lamberts et al. (57.1%) which applied a similar regimen with RTX injections at baseline, 6 and 12 months, but with lower dosage (500 mg) of RTX after baseline (28). The number, frequency, and dosage of RTX injections after baseline might thus influence the response in patients with MMP. However, we could not test this hypothesis in this study due to the indication bias that was responsible for a more aggressive regimen in some initial non-responders.

Overall, the cumulative CR rate we achieved (85.3%) was similar to that reported in our previous study (10). CR was achieved after two RTX cycles (median), corresponding to four RTX infusions (median), which confirmed our previous observations regarding the benefit of completing at least two RTX cycles in patients with MMP (10). In patients who were non-responders or partial responders after the first two cycles, repeated RTX cycles increased the CR rate subsequently (Figure 3). The cumulative proportion of CR (85.3%) was higher than that reported in the systematic review by Lytvyn et al. (70.5%), whereas the proportion of non-responders was similar (5.4%) (11). Our population study showed similar severity in comparison with the literature, and much fewer patients received concomitant ISA, whereas the proportion of patients receiving immunomodulatory drugs was higher (11). Thus, the use of concomitant immunomodulatory drugs might have contributed to this difference in the proportion of CR between our study and the previous review (11). The median time taken to achieve CR was similar (12.2 months vs. 10.1 months) considering the differences in outcome definition and in the calculation methods; notably, the definition of CR we used required the absence of lesions for 2 months.

While it has been suggested in recent guidelines to avoid differentiating subtypes of MMP (2), we found a significant difference (p = 0.0186) in the median survival time to achieve CR between patients with MMP with anti-type VII collagen reactivity (16.6 months) and those with MMP without anti-type VII collagen reactivity (12.1 months), although there was no significant difference in the percentage of patients achieving DC and CR. Patients with MMP with anti-type VII collagen reactivity required more RTX cycles to achieve DC and CR, both of which took longer to achieve. This difference was not found in a study comparing MMP and EBA outcomes that included less patients (28). We believe that this finding is important as MMP with anti-type VII collagen reactivity patients seem more difficult to control in our experience. Thus, repeating RTX cycles in patients with MMP with anti-type VII collagen reactivity and waiting for progressive improvement until CR might constitute a preferred option in cases of severe or refractory disease, rather than shifting to another ISA-based therapy. Notably, all of our five patients with therapeutic failure had MMP without anti-type VII collagen reactivity and only one achieved a better outcome after RTX was replaced by a combination therapy of anti-TNFα and IVIG.

To our knowledge, only a few studies with smaller sample sizes have investigated factors that might be associated with a poorer response to RTX in patients with multisite MMP (28). As described above, statistical analyses might suffer from a lack of power considering the number of patients included and the indication bias that predisposed non-responder patients with severe disease to receive the second RTX cycle earlier and undergo more RTX cycles within the first year. These limitations possibly prevented us from identifying more factors significantly associated with CR at the 8-month follow-up in univariate analyses. None of the parameters studied demonstrated P-values <0.05 in univariate analyses. Notably, a higher percentage of patients that did not achieved CR at the 8-month follow-up had ocular involvement (55.4% vs. 40.7%) but the ocular involvement was not significantly associated with CR status in univariate analysis (P = 0.1919) and multivariate analysis. As stated above, patients with ocular involvement had received significantly more RTX injections during the first year of the follow-up which might have biased the results. The median activity score of MMPDAI differed according to CR status at 8 months (11.7 vs. 7.0) but was not significantly associated with CR status after 8 months of follow-up in univariate analysis (p = 0.1478). As stated in the 2015 consensus statement, the MMPDAI score is a validated score that is suitable for use by dermatologists and multidisciplinary teams for milder forms of MMP (12). As other scores assessing monosite or multisite MMP activity, MMPDAI does not consider laryngo-tracheal lesions. As laryngeal involvement was present in 39.4% of our patients at baseline and considering that this location demonstrated the longest time taken to achieve DC, a score integrating laryngeal activity might have provided significant information. Scores other than MMPDAI do exist, notably for specific site scoring, and some adapted scores were used in previous studies (3, 9, 40); however, we favored the use of the validated scoring system. Nevertheless, in multivariate analyses the time between the first symptoms and baseline, the MMPDAI score at baseline and being refractory to conventional ISAs were significantly associated with the absence of CR at 8-months follow-up. Considering the small sample size and the R-squared value, these results should be interpreted with caution and should be confirmed in unbiased cohorts.

Whereas some studies found IgA-dominant cases to have poorer outcomes (28), our analyses regarding IgA deposits did not find this parameter to be associated with CR status and time to CR did not differ significantly in patients with IgA deposits.

The relapse rate in this study was similar to those reported in the literature (10, 27). As described in shorter series, most patients achieved CR again (91.7%) after relapse in a short time with a median number of one RTX cycle.

After CR, RTX was carefully stopped, following which immunomodulatory drugs were progressively tapered up to the doses defined as minimal therapy in the consensus conference. The therapeutic schedule in our center did not include the cessation of immunomodulatory drugs to prevent relapses. The RTX schedule, which comprised a consolidation injection after CR, allowed 58.7% of the 109 patients to achieve CR off RTX (68.8% of patients in CR) and 22.0% of patients to achieve CR off RTX with minimal therapy (25.8% of patients in CR). These results highlight that our RTX regimen and therapeutic schedule allowed a majority of severe and resistant patients to pass a milestone and to be subsequently controlled by non-immunosuppressive treatment with a better tolerance profile than conventional ISAs or corticosteroids. Comparing the treatment schedule with other published studies is delicate. Notably, RTX reinjection at 6 and 12 months has been performed in some of these studies (28, 33) but it is difficult to ascertain that these injections were administered to CR patients, whereas our protocol comprised RTX cycles every 6 months until CR followed by a unique infusion 6 months later to consolidate the CR. At the last follow-up, 36.8% of patients achieved CR off RTX with doses of immunomodulatory drugs superior to those defined as minimal therapy (43.0% of patients in CR) for a time duration up to 101.3 months, showing that some patients required long-term administration of high doses of these drugs to prevent relapse. Finally, 26.6% of patients with MMP remained in CR on RTX (31.2% of patients in CR). The median time spent by these patients in CR on RTX at the last follow-up was 11.7 months, but it ranged from 0.7 to 78.9 months; this highlights that some of these patients received RTX injections intermittently on a long-term basis to prevent relapse in severe or difficult-to-control cases. In these specific patients, chronic reinjection of RTX over several years to maintain CR or PR may raise concerns about its financial sustainability, and a careful assessment of long-term tolerance is required with respect to this specific population.



RTX Tolerance: Adverse Events

Our series reported a high rate of adverse events (46.8%), but only 21.1% of patients had severe adverse events. Notably, a high percentage of patients receiving RTX had lymphopenia without disturbance in other hematopoietic cell lineages, which mainly occurred after the first cycle of RTX in patients previously having received cyclophosphamide. Lymphopenia and secondary malignancies are well-known complications of cyclophosphamide use (9, 41), whereas they are uncommon adverse events associated with RTX use in AIBD (42). Previous therapies received by aged population of patients with MMP as well as long term follow-up might have thus contributed to the reported adverse event rates. The 5.5% rate of incident cancer in our current series was similar to that reported in other large series (30). Moreover, a higher cancer prevalence (11.7%) had been reported previously in a French multicenter retrospective cohort of patients with MMP and was found to not differ from the general population within the same age range in France (43). In concordance with this study (43), a higher incidence of cancer was not found in patients having anti-laminin 332 antibodies in our studies, whereas it was suggested in other cohorts of patients with MMP (30, 31, 44). Non-infectious and infectious adverse events reported in our cohort included those commonly reported with RTX, notably in other AIBDs such as pemphigus (42). The percentage of patients with infectious pneumonia adverse events was higher than in other cohorts (11, 28). The latter might have been increased by the COVID-19 pandemic that occurred in 2019; in this regard, a study in France previously reported that patients with AIBD receiving RTX had a 5-fold higher incidence of COVID-19 infection than patients who did not receive RTX during the first COVID-19 wave (45). Patients with AIBD with COVID-19 also demonstrated a 5.9-fold higher risk of dying (45), but no patient in this series had fatal issues. Finally, the incidences of infectious adverse events and pneumonia were lower than those reported in a study that explored their incidence according to age in a series of patients with auto-immune diseases receiving RTX (46).

In conclusion, RTX associated with immunomodulatory drugs is an effective and safe treatment in refractory and severe MMP, achieving DC in 89.0% of cases in 7.2 months and CR in 85.3% of cases after two cycles of RTX in 12.2 months. Similar values of high efficacy have been obtained with RTX in other AIBD such as pemphigus (24). RTX therapy in patients with MMP might be more effective than in those with bullous pemphigoid (47, 48). Although 38.7% of patients experienced relapse, CR off RTX was achieved in 68.8% of patients that had CR, whereas CR with minimal therapy was only achieved in 31.2% of them. Thus, RTX allowed patients with MMP in therapeutic impasse to pass a milestone. Our findings indicate that the continuation of immunomodulatory drugs may be mandatory to maintain patients in a state of long-term remission. Prospective comparative studies are required to confirm these results and define the position of RTX in the therapeutic armamentarium for MMP. Important information might notably be obtained from an ongoing phase 3 clinical trial comparing the safety and effectiveness of RTX vs. oral cyclophosphamide in MMP (NCT 03295383).
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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)



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 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).




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).



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). 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 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 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).




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).





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 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 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.
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Bullous pemphigoid is an autoimmune blistering disease caused by autoantibodies targeting BP180 and BP230. While deposits of IgG and/or complement along the epidermal basement membrane are typically seen suggesting complement -mediated pathogenesis, several recent lines of evidence point towards complement-independent pathways contributing to tissue damage and subepidermal blister formation. Notable pathways include macropinocytosis of IgG-BP180 complexes resulting in depletion of cellular BP180, direct induction of pro-inflammatory cytokines from keratinocytes, as well as IgE autoantibody- and eosinophil-mediated effects. We review these mechanisms which open new perspectives on novel targeted treatment modalities.
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Introduction

Bullous pemphigoid (BP) is the most frequent autoimmune subepidermal blistering disease associated with an autoantibody response directed against the BP antigen 180 (BP180, BPAG2 or type XVII collagen) and the BP antigen 230 (BP230 or BPAG1-e). The latter are components of junctional adhesion complexes called hemidesmosomes that promote dermo-epidermal cohesion (1). Characteristically, BP is an intensely pruritic eruption with generalized blistering. However, in early stages or in atypical variants of the disease, only localized or generalized excoriated, eczematous, or urticarial lesions may be present. The disease, which has a chronic course, typically affects the older population after the age of 65 and has a significant impact on both the quality of life and life-expectancy (2). The one-year mortality ranges from 13% to 40%, while the mortality rate of patients with BP seems to be at least three times higher than that of age- and sex-matched subjects (3). The annual incidence has been estimated to be at least 6–13 new cases per million population with a striking increase after the age of 80 years (with more than 300 cases per million in individuals). Nonetheless, in the last two decades, there is evidence indicating a two to four-fold rise of the overall incidence of BP in the population, most likely due to the better recognition of atypical forms of BP and the increasing relative size of older age groups (4).

A recent consensus guideline on management of BP primarily recommends the use of high potency topical steroids and systemic corticosteroids as first-line therapeutic options (5). Immunomodulatory and immunosuppressive drugs may be considered in treatment-resistant cases or in cases at increased risk for steroid-related adverse events or in the presence of contraindications to systemic steroids. In recent years, a number of biologics have been used with promising results, such as omalizumab, dupilumab, interleukin-17, and IL-5Rα inhibitors (6, 7). In addition, a recently published phase 2a trial examined the use of nomacopan, a leukotriene B4 and C5 inhibitor, in BP patients. The drug appears to be well-tolerated by patients and has therapeutic potential for reducing acute BP flares (8). As BP is more common in the elderly, balancing management with patient comorbidities is almost invariably challenging. The efficacy of current treatments is limited and relatively unsatisfactory; patients’ unmet needs remain significant. Hopefully, several ongoing trials will allow more effective and better tolerated therapies to be validated in the near future. Such therapies should facilitate and improve the overall management of affected patients, which primarily consist of fragile and debilitated individuals.



Pathogenesis of Bullous Pemphigoid

There is ample evidence indicating that BP occurs due to a loss of immune tolerance leading to autoantibody formation against BP180 and BP230. BP180 is transmembrane protein with a large collagenous extra-cellular domain serving as an adhesion molecule. Its ectodomain binds to laminin 332 and type IV collagen, connecting the basal keratinocytes to the extracellular matrix of the epidermal basement membrane (9–11). BP230, the epithelial isoform of BPAG1, is a cytoplasmic protein of the plakin family of cytolinkers. It primarily connects the keratin intermediate filament system to hemidesmosomes at the basal keratinocyte cell membrane (1, 9, 12). Patients’ sera recognize multiple antigenic regions on both target antigens, although the NC16A domain, on the extracellular membrane of BP180, contains the immunodominant antigenic determinants (13, 14). The autoreactive B and T cell response in BP is primarily directed at this region of BP180 (15, 16). BP autoantibodies lead to an inflammatory response with a large number of eosinophils and, to a lesser degree, neutrophils, migrating to the dermis and degranulating. These cells contain and release upon activation dozens of cytokines, chemokines, hydrolytic degrading enzymes, including matrix metalloprotease 9 (MMP9) and neutrophil elastase, as well reactive oxygen species. This inflammatory cascade ultimately leads to tissue damage and subepidermal blister formation (17–21).

In vitro and in vivo studies have allowed the characterization of several pathways critically involved in BP pathogenesis that directly contribute to tissue damage. Among these, activation of the complement system with production of anaphylatoxins, and activation of the innate immune response with subsequent recruitment and activation of basophils, eosinophils, neutrophils, monocytes/macrophages, and mast cells, play a key role in BP (15, 19, 22–27). Complement components, including C1q, C3, C4, and the membrane attack complex (MAC) are usually found detected along the dermal-epidermal junction (DEJ) in the skin of both patients with BP and of mice with experimentally induced BP (28–31). Furthermore, complement proteins including anaphylatoxins are detectable in the blister fluid of BP patients (32). The presence of tissue-bound complement components and/or the ability of circulating autoantibodies to mediate complement activation are also likely to affect clinical and histopathological features, including overall disease activity, in affected patients (33). For example, the presence of tissue-bound C3 in the skin of BP positively correlates with the presence of circulating anti-BP180 antibodies targeting the NC16A domain (34). While the importance of complement was described as early as the 1970s (35), increasing evidence has emerged pointing to the presence of complement-independent pathways in mediating tissue damage and subepidermal formation in BP.

This review will seek to summarize the current understanding of complement-independent mechanisms in BP and provide a reference framework for future research aimed at further elucidating these processes. This new knowledge is expected to facilitate the development of new treatment modalities that should benefit the management of BP patients in the near future.



Complement-Independent Pathways in Tissue Damage and in Dermo-Epidermal Disadhesion

In the last decade, a number of laboratories have provided convincing evidence that complement-independent processes are implicated in the pathogenesis of BP, directly contributing to inflammation, tissue damage and dermo-epidermal separation. This idea is substantiated by a number of in vitro and in vivo experiments as well as clinical observations, including:

1) Serum derived anti-NC16A IgG antibodies and recombinant anti human NC16a IgG antibodies impair keratinocyte adhesion and deplete BP180 by induction of macropinocytosis (36–39); 2) Passive transfer of F(ab’)2 fragments of the human BP or IgG antibodies, against BP180, that cannot activate complement, are able to cause skin fragility in neonatal BP180-humanized mice (36); 3) C5-/- mice as well as C5ar1-/- mice injected with anti-NC15A antibodies, the murine analog to NC16A in humans, develop a BP-like phenotype, although its severity is milder when compared to that of wild type (WT) mice (40). In the latter study, pharmacologic inhibition of C5a receptor 1 fails to reduce clinical disease or neutrophil infiltration in mice with established cutaneous disease (40); Notably, this study demonstrates that inhibition of complement has therapeutic benefit, once again reaffirming the importance of complement in BP. However, C5ar-/- mice demonstrated a relatively increased extent of skin lesions following BP-IgG injection, raising the possibility of complement-independent induced blistering as well 4) Production of neutrophil reactive oxygen species (ROS), which contribute to tissue damage, does not differ between WT, C5ar1-/-, and C5ar2-/- mice (40), 5) Passive transfer of human BP-IgG into C3-/- BP180 humanized mice develop blisters (39); 6) Non-complement binding autoantibodies are able to cause blister formation in vivo (39, 41); 7) BP-IgG antibodies are able to induce IL-6, IL-8, and Hsp90 expression from cultured keratinocytes independent of complement (42–48); 8) IgG4 autoantibodies, which are the dominant IgG isotype in over 50% of BP patients, are able to induce blistering in cryosection assays (41, 49–54) 9) IgE autoantibodies and eosinophils contribute to blister formation by means of various mechanisms including secretion of proteases, eosinophil degranulation, and extracellular traps, as well as cytokine and chemokine release in a complement independent manner. However, IgE antibodies very rarely form in isolation of IgG. As such, while they are definitively pathogenic, their contribution relative to IgG is unclear. Finally, 10) in up to 20% of biopsy specimens obtained from BP patients, there is no evidence for complement deposition as assessed by direct immunofluorescence microscopy (DIF) (55). However, this study was limited by use of a single detection antibody against complement, specifically the C3c component. Sensitivity may increase with the use of multiple antibodies. Likewise, a case report of a patient developing BP despite C4 deficiency provides further support (56)

The recent Phase 2a trial results of the complement inhibiting drug nomacopan offer an important caveat to the prospect of physiologically significant complement-independent effects (8). In this study, 7 of 9 patients saw significant reductions in skin severity index scores by six weeks. However, the subjects who were non-responders to such complement inhibition raises the possibility of tissue damage and blister induction occurring outside of the complement system in these patients. Furthermore, randomized trials with much larger sample sizes are needed to truly assess the therapeutic efficacy of this drug.



Non-Immunologic Induction of Blistering by Anti-BP180 Antibodies on Keratinocytes

The direct non-immunologic, but complex biologic impact of anti-BP180 antibodies on basal keratinocytes represents an important means by which complement-independent mechanisms contribute to basement membrane disadhesion and dermo-epidermal blistering. Both ubiquitin- and proteasome-mediated degradation of BP180, as well as macropinocytic internalization of BP180 appear to be involved (57). Notably, this is seen with antibodies targeting the NC16a domain of BP180, but not the c-terminus, suggesting epitope dependent pathogenicity (58).

Early studies by Kitajima et al. first showed that the binding of anti-BP180 antibodies results in internalization of BP180 in cultured epidermal cells (59, 60). Further work by Iwata et al. confirmed that incubation of anti-BP-IgG autoantibodies causes internalization of BP180 from the cell membrane and provided evidence indicating that BP180 is depleted from the keratinocyte. In these experiments, BP-IgG treatment was able to reduce the amount of BP180 from cells by roughly 40% and 85% after two and six hours of respective incubation as assessed by immunoblotting. Notably, while BP180 was decreased, the amount of the α6β4 integrin, a key component of hemidesmosomes, remained unchanged, indicating that the effect on BP180 was specific. By semiquantitative analysis of BP180 content in BP patients’ skin by immunoblotting, the authors also found a reduction of ~40% of BP180 in BP patients’ skin when compared to that of control subjects. Finally, in vibration detaching assay using cultured keratinocytes, BP-IgG treatment caused a significant reduction of the adhesion of cells to the culture plate (61). Another study showed that both BP-IgG and BP-IgE are capable of directly binding to the surface of cultured human keratinocytes with subsequent loss of hemidesmosomes at the basement membrane zone (BMZ) (44). The studies mentioned above used in vitro models exclusively, and generalizations regarding this apparent BP180 internalization and subsequent loss of adhesion to living systems are limited.

In 2012, Natsuga et al. reported that rabbit antibodies raised against a distinct portion of the human NC16A region of BP180 (Arg522 to Gln545) decrease BP180 expression in cultured NHKs (36). More strikingly, the same group also found that the injection of the F(ab’)2 fragments of the rabbit anti-BP180-NC16A antibodies, thus lacking the complement-binding Fc domain, was able to cause dermal-epidermal splitting in neonatal BP180-humanized mice and also decreased expression of BP180 in murine skin by immunoblotting. Nevertheless, the observation that not all mice injected with the F(ab’)2 fragments displayed skin fragility implies that the anti-NC16A F(ab’)2 fragments have a less potent effect than BP-IgG (36). It is important to note that this study utilized neonatal mice. Skin fragility and neonatal immune response may not be predictive of human responses. Hiroyasu et al. subsequently confirmed the findings of Natsuga et al. using cultured 804G cells and normal human epidermal keratinocytes (NHEKs) as well as BP-IgG(Fab’)2 and BP-IgG Fab fragments (37). Hence, these observations strongly indicate that skin detachment in BP not only depends on a complement-mediated inflammatory cascade, but also involves a direct effect of BP antibodies on the adhesive function and cell expression of BP180, which directly impairs dermo-epidermal cohesion. It is unclear why previous mouse model studies failed to observe a direct effect of IgG(Fab’)2 fragments against BP180 on keratinocyte adhesions. These apparent discrepancies may be related to the variable experimental conditions of the used in vitro assays and in vivo models (22, 62, 63).

It has been speculated that blistering in BP first requires a weakening of the adhesive strength of keratinocytes, which is then accompanied by an inflammatory response that ultimately causes dermo-epidermal separation (37, 61). This model, which is not yet substantiated by experimental data, can however be applied on a subset of patients with pauci-inflammatory BP and other subepidermal bullous autoimmune diseases in which blistering primarily results from mechanical trauma and friction. This phenomenon is typically observed in patients with the mechano-bullous form of epidermolysis bullosa acquisita, with antibodies directed against type VII collagen.

BP-IgG induced internalization of BP180 occurs through the macropinocytosis pathway. In fluid uptake assays, the addition of macropinocytosis inhibitors are able to block the internalization of BP180 in both cultured 804G cells and NHEKs. This process seems to occur following a calcium-dependent phosphorylation of the intracellular domain of BP180 by the protein kinase C pathway (38). Inhibition of the macropinocytosis pathway is also able to block the negative effect of BP-IgG on the adhesive strength of cultured NHEKs following treatment (37). The entire BP180 molecule seems to be internalized as a complex bound with BP-IgG. The impact of this internalization of BP180 on hemidesmosome formation in vitro and potentially in vivo remains to be assessed (64).

Ujiie et al. also characterized the mechanisms by which BP-IgG induced BP180 depletion takes place (39), confirming that anti-BP180 BP-IgG can induce blistering in complement-deficient mice. Notably, these researchers have utilized a monoclonal antibody, mIgG2c (TS4-2) which has high complement activation activity, low ability to deplete BP180, and low affinity to hNC16A. The passive transfer of this mIgG2c anti-BP180 monoclonal antibody failed to cause blistering in most mice. Ujiie et al. also showed that BP180 is ubiquinated following treatment with BP-IgG. In fact, addition of a proteasome inhibitor, MG-132, prevents the depletion of BP180 in a dose-dependent manner. These results thus indicate that the ubiquitin/proteasome pathway is implicated in BP180 depletion. Noteworthy, in this latter experimental model, mice injected with the monoclonal antibody rhIgG4 against the human NC16A domain of BP180 (but unable to activate the complement) still developed blistering despite the administration of a proteasome inhibitor. This observation indicates that internalization of BP180 and adhesive weakening most likely precede the degradation of BP180 via proteasomes. In this context, it should be mentioned that proteins that enter cells via macropinocytosis are usually degraded by lysosomes. However, proteasomes may also be involved under certain circumstances, such as in relation to cross-presentation of antigens on the major histocompatibility complex I pathway (65). Hence, it remains unclear if BP180 is only degraded by proteasomal pathways or if lysosomes and/or other processes are also implicated (9).



Regulation of Inflammatory Responses by BP180 in Keratinocytes

In addition to the direct non-inflammatory effects of anti-BP180 autoantibodies, there is growing evidence for complement-independent inflammatory mechanisms by which BP antibodies can induce disease. Specifically, keratinocytes are able to secrete a variety of proinflammatory cytokines which appear to be pathogenetically relevant. Specifically, in 2000 Schmidt et al. found that treatment of cultured NHEKs with anti-NC16A BP-IgG, and not control IgG, results in an increased expression of IL-6 and IL-8 in a time- and concentration-dependent manner while IL-1α, IL-1-β, IL-10, and TNF-α were not detected and MCP-1 levels remained unchanged (46). Molecules such as IL-1β and TNF-α are known to upregulate complement factors (66). The upregulation of IL-6 and IL-8 was detected at both the mRNA and protein level. In addition, blocking the immunoreactivity of two distinct epitopes, NC16A and NC16A2, prevented the upsurge in IL-8. Also of note, since BP-IgG treatment of BP180-deficient keratinocytes did not cause an increased release of IL-6 or IL-8, these results suggest that the specific interaction between BP autoantibodies and BP180 ectodomain initiates an intracellular signal transduction pathway affecting transcription and translation with an increased release of keratinocyte-derived IL-6 and IL-8 (46).

Messingham and colleagues expanded on these results finding that not only IgG but also IgE anti-BP antibodies are capable of stimulating IL-6 and IL-8 production in cultured human keratinocytes and organ culture (44). Similar results were obtained following treatment with F(ab’)2 and Fab fragments prepared from IgE and IgG, confirming that these effects occur in an FcR-independent manner. Noteworthy, IgE appears to be a more potent stimulator of cytokine production compared to IgG (44). In this context, we recently identified a similar pro-inflammatory response from keratinocytes treated with IgG obtained from patients with laminin-332 pemphigoid, particularly with autoantibodies against the β3 subunit (67).

IL-8 derived from keratinocytes is chemotactic for neutrophils (68). The latter are critical for the formation of blisters in both animal and in vitro BP models (23, 69). Furthermore, Liu et al. showed that intradermal IL-8 injection into C-5 deficient mice can reverse their resistance to the pathogenic effects of rabbit-derived BP-IgG monoclonal antibodies (23). IL-6 is another pro-inflammatory cytokine. It is secreted by keratinocytes and can penetrate the BMZ (70). Its contribution in tissue damage is attested by the observation that IL-6-depleted mice do not develop blistering in a BP model (23). Finally, IL-6 and IL-8 levels are elevated in both the sera and blister fluid of BP patients (71, 72). Serum levels of these interleukins have also been correlated with disease activity in BP (73). Overall these observations indicate that keratinocytes, by releasing pro-inflammatory cytokines, also play a previously unrecognized role in the pathogenesis of pemphigoid diseases (67). Keratinocyte dependent complement-independent mechanisms are summarized in Figure 1.




Figure 1 | Keratinocyte mediated, complement-independent pathways in bullous pemphigoid. (A) IgG autoantibodies targeting BP180 bind to the epidermal basement membrane. IgG-BP180 complexes undergo macropinocytosis as shown by immunostain for EEA-1. (B) Internalized IgG-BP180 complexes lead to both loss of cellular BP180 and increased expression of proinflammatory mediators such as IL-6 and IL-8, resulting in both (C) pauci-inflammatory and pro-inflammatory complement-independent mechanisms.



Pharmacologic studies have also been useful to gain better insight into the inflammatory processes triggered by anti-BP antibodies (42, 45, 47). By ELISA, Tukaj et al. found that calcitriol decreased the BP-IgG-induced release of IL-6 and IL-8 in human keratinocytes in a dose- and time-dependent fashion (42). Moreover, this vitamin D metabolite reduced phosphorylation of STAT3 and suppressed NF-κβ activity in keratinocytes treated with BP-IgG, but did not affect levels of heat shock protein (Hsp) 70 or the vitamin D receptor (VDR), an observation implying that NF-κβ and STAT3 are both involved in mediating the pro-inflammatory effects. Dapsone, an anti-inflammatory agent used in BP management, was found to specifically suppress the release of IL-8, but not of IL-6, from NHEKs treated with BP-IgG antibodies isolated from both human and rabbit sera, in a dose-dependent manner (45). Evidence was further provided suggesting that the effect of dapsone occurs at the post-transcriptional level (45). Notably, dapsone can also exert a significant inhibitory effect on neutrophils (74). Therefore, conclusions drawn on the complement-independent mechanisms of BP from dapsone’s efficacy in the disease may be limited.

Hsp90 has been linked to the synthesis of various cytokines such as TNF-α, IL-1, IL-6, and IL-8 (48, 75–77). In human epidermal keratinocytes treated with BP-IgG, blockade of Hsp90 with 17-DMAG is able to suppress the IL-8, but not IL-6, release in a dose- and time-dependent manner (47). Blocking Hsp90 also impaired the NF-κβ p65 subunit activity in BP-IgG stimulated keratinocytes. These findings suggest that Hsp90 also exerts a regulatory role in BP-IgG-induced production of IL-8.

Van Den Bergh et al. sought to assess whether BP180 is directly involved in modulating this pro-inflammatory response (43). For this purpose, they measured IL-8 response under various inflammatory stimuli in both normal keratinocytes and in BP180-deficient keratinocytes derived from either a junctional epidermolysis bullosa patient or after shRNA-mediated knockdown of BP180. The BP180-deficient keratinocytes showed a dysregulated higher IL-8 response after treatment with lipopolysaccharide (LPS), ultraviolet-B radiation or tumor necrosis factor compared to normal human keratinocytes. Notably, inhibition of NF-κβ, but not p38MAPK, was able to normalize this response. The same group also found that LPS treatment of BP180-deficient keratinocytes increases the expression of an NF-κβ-driven reporter compared to normal cells. In LPS-treated cells, inhibition of NF-κβ activity in BP180-deficient keratinocytes normalized their IL-8 response. The results are in line with the idea that the effects of BP180 on IL-8 response are mediated by NF-κβ. Together, these results point toward BP180 serving as regulator of IL-8 involved inflammatory response of keratinocytes. It is as of yet unclear if autoantibodies to BP180 affect its interactions with other hemidesmosomal components, such as the α6β4 integrin and extracellular proteins, and if disturbance of this network has an impact on the inflammatory response. Importantly, many of the aforementioned studies looking at these inflammatory mechanisms and their regulation are limited by reliance on in vitro data. As such, drawing conclusions regarding the in vivo response must be done carefully.

In another study (78), genetically engineered mice which expressed a NC16A-truncated BP180 developed spontaneous inflammation of the skin and exhibited severe pruritus, compromised skin barrier, increased serum IgE, and immune cell infiltration. The pruritus was found to be independent of adaptive immunity or histamine, but was related to an increased expression of TSLP. This study suggests that dysfunction or structural alteration of BP180 is sufficient to trigger an inflammatory response similar to that seen in BP patients.

Finally, the effects of IgG4 autoantibodies provide evidence for other complement-independent inflammatory mechanisms in bullous pemphigoid. While IgG1 and IgG3 antibodies are known to fix complement, the IgG4 subclass does not (79). In 2007, Mihai et al. isolated both IgG1 and IgG4 BP antibodies from patient sera and introduced them into an ex vivo experimental model. Although the IgG4 antibodies did not activate complement, they were able to induce dermo-epidermal spitting and tissue damage via leukocyte recruitment and activation (79). While the pathogenic potential of the IgG4 autoantibodies was significantly less than that of IgG1 in this experiment, the study demonstrates the capability of IgG4 to induce a BP-like phenotype in the absence of complement, and introduces a novel role for IgG4 in this disease.



Eosinophil and IgE Mediated Blistering

Eosinophils can directly mediate dermo-epidermal separation in the presence of either IgG or IgE (80, 81). In both instances, complement is not required. Eosinophils, which are typically abundantly present in lesional skin of BP patients, play an important role in tissue damage by means of different mechanisms (82–86). Eosinophils are capable of secreting the matrix metalloproteinase 9 (MMP-9), which can degrade BP180 and thus contribute to dermo-epidermal separation, by cleaving the extracellular collagenous domain of BP180 and other proteins (21, 87–90).

Degranulated proteins from eosinophils can be detected in both the serum and blister fluid of BP patients (91–94). Eosinophil granules have also been found along the BMZ in patients with BP (94, 95). Release and deposition of eosinophil granules appear to be present even in the early stages of BP lesions (96, 97). We have demonstrated that the granule proteins eosinophil cationic protein (ECP) and eosinophil derived neurotoxin (EDN) induce keratinocyte expression of IL-5, eotaxin-1, and RANTES, as well as reactive oxygen species formation. ECP but not EDN is able to directly induce keratinocyte detachment (98).

Eosinophils can also produce extracellular traps (EETs) which are made up of granule proteins, DNA, and nuclear components in a network-like structure which can expand to be 15 times larger than the cell itself (99). EETs have been found to be present in BP. Based on ex vivo data obtained from experiments involving human skin and isolated eosinophils showing that dermo-epidermal separation is reduced with DNase affecting EETs, the latter may be directly involved in the amplification of the inflammatory response, although the exact mechanisms remain still unknown (100). It should be noted that neutrophil extracellular traps (NETs) may also play a role in BP. Using immunodetection of patient skin biopsies, NET formation has been shown to be associated with BP (101). Additionally, levels of NET biomarkers are correlated to BP disease activity (102). Thus, it is likely that these complexes play a role in the tissue damage involved in this disease. However, given the fact that neutrophils are likely recruited at least in part by complement (103), it is unclear whether these NET-related mechanisms may truly be complement-independent.

As described previously, eosinophils are involved in BP pathogenesis by mediating the effects of anti-BP180 IgE antibodies and contributing to dermo-epidermal separation (81). Anti-BP180 IgE autoantibodies are present in the majority of BP patients, and their levels are correlated with disease activity (104–107). In mice with grafted human skin, injection of anti-NC16A IgE resulted in inflammation with development of erythematous skin lesions and dermo-epidermal separation. Influx and degranulation of eosinophils have been here implicated (108). Similar results were obtained using human cryosection dermis in which IgE injection led to DEJ separation with associated eosinophil infiltration. The activation of eosinophils was mediated through the FCεRI receptor (109–111). Notably, the amount of anti-BP180 IgE and IgG was correlated to levels of circulating eosinophils in BP sera (111). Moreover, IgE autoantibodies against a component of the shed ectodomain of BPAG2 induce pruritus, erythema, eosinophil infiltration, and blistering when passively transferred (112).

Eosinophils also directly contribute to BP symptomatology by producing IL-31, a known pruritogen. Pruritus is a key feature of BP and can be a presenting symptom even in the absence of specific skin lesions (13). IL-31 activates endothelin-1 and causes subsequent upregulation of brain natriuretic peptide (BNP), an important mediator of pruritus (113, 114). IL-31 is known to be produced by eosinophils (107, 115), and increased levels of IL-31 have been found in both the lesional skin and serum of BP patients (116). Recent evidence even suggests that eosinophils are the central source of IL-31 in BP (117). Eosinophil-derived IL-31 certainly plays a role in BP itching, but it is still unclear whether this is the primary mediator of pruritus in BP or if other pathways are paramount.

The most compelling evidence for the role of eosinophils in mediating tissue injury in BP comes from Lin et al. who generated a transgenic mouse which expressed human hNC16A as well as the human FCεRI (118). In these mice, anti-NC16A IgE produced subepidermal splitting along with eosinophil infiltration and deposition of IgE along the epidermal BMZ. BP-IgE-induced blistering required the presence of eosinophils. In this model, the intensity of eosinophil infiltration also correlated with disease severity. Overall, these findings not only support the pathogenicity of anti-NC16A IgE antibodies in BP, but also show that eosinophils are the mediator in this process (118).

The work of Freire et al. further characterized the complex role of IgE antibodies in BP (119). Using ELISA and immunofluorescence to examine BP patient sera and skin respectively, they detected increased levels of both anti-BP180 and anti-BP230 IgE compared to healthy controls. The former were found to interact with the same NC16A region of BP180 known to be recognized by IgG. Furthermore, direct immunofluorescence studies showed the majority of BP patients (compared to none of the healthy controls) to have IgE+ cells in their skin. Surprisingly, IgE was rarely detected at the BMZ, and instead was primarily associated with mast cells and eosinophils in the dermis. The study also identified fragments of the extracellular domain of BP180 in the dermis and BMZ, often co-localized with IgE+ cells. These findings indicate that BP180 and IgE can form complexes on the same cells. Further degranulation assays revealed that these IgE-BP180 complexes are capable of cross-linking FCERI receptors and causing basophil degranulation. This process could conceivably lead to inflammation and tissue damage in BP skin. When taken overall, these findings provide strong evidence for an additional complement-independent, Th2-dependent, eosinophil-mediated pathway that contributes to tissue damage and clinical features in BP. A summary of IgE and eosinophil dependent pathomechanisms are shown in Figure 2.




Figure 2 | IgE- and eosinophil-mediated complement-independent pathways in bullous pemphigoid. (A) BP180 IgE autoantibodies and BP180-IgE complexes bind to the cutaneous basement membrane and the FcϵR1 on eosinophils as well as mast cells and basophils. This results in release of proteases (e.g. MMP9), eosinophil granule proteins (ECP, EDN), eosinophil extracellular traps, as well as reactive nitric oxide-derived oxidants (NOS). (B) Keratinocytes release IL-5, RANTES, and eotaxin-1 as a response to eosinophil granule proteins. (C) this positive feedback loop results in an increase in tissue eosinophilia and eosinophilic spongiosis. Inhibitory therapeutic antibodies are shown in boxes with red arrows leading to their downstream target.



Finally, investigation regarding IgM antibodies in pemphigoid also highlights the possibility of complement-independent mechanisms in these diseases. Cases of IgM bullous pemphigoid have been documented, with such patients exhibiting linear deposition of both IgM and C3 (120–125). In addition, several patients with only IgM deposition have been identified (126, 127). A recently published article from Boch et al. describes three patients with ‘non-bullous’ pemphigoid who presented with erythematous papules and plaques, two of whom displayed exclusive IgM deposition at the BMZ in the complete absence of complement. The other patient showed weak complement binding. Additionally all three patients demonstrated no serum complement activation capacity (128). Thus, complement-independent mechanisms may play a more prominent role in unique subtypes of AIBD such as this. However, as C3c deposition has been shown to be significantly decreased in non-bullous patients as compared to those with blisters (33, 55), these findings continue to reinforce the central importance of complement activation in actual blister formation as well.



Lessons From the Bedside and Targeted Therapies

The presence of complement-dependent and independent mechanisms in BP not only highlight the disease’s biologic complexity, but treatment challenges. Currently, several inhibitors of complement components are under investigation for the treatment of BP. Other than identifying the presence of complement on the epidermal BMZ which has significant limitations, it remains a challenge to stratify patients who may have significant contribution from complement-independent pathways. Nonetheless, biomarkers of complement independent pathways can be utilized to target these pathways.

Patients with BP often exhibit elevated serum IgE levels and circulating BP180- and BP230-specific IgE autoantibodies. These findings provide support to the idea that IgE has a role in BP pathogenesis (129, 130). In fact, it is thought that IgE autoantibodies directed against the ectodomain of BP180 are first bound to FcεRI on mast cells and eosinophils. This binding subsequently promotes degranulation and initiates an inflammatory reaction resulting in further tissue damage and blister formation (44, 97, 111, 131–133). In addition, binding of specific IgE autoantibodies to the ectodomain of BP180 on basal keratinocytes also triggers internalization of BP180 (see above) and thereby contributes to cell-substrate disadhesion (44, 119, 134). As a result, a humanized mAb that inhibits IgE binding to its high-affinity receptor (FcεRI), omalizumab (an approved treatment for severe asthma and chronic spontaneous urticaria), represents a logical alternative drug for BP. In 2009 Fairley et al. first reported the beneficial effect of omalizumab in a BP patient poorly controlled by oral corticosteroids, azathioprine, and minocycline. After 16 weeks of treatment, several patients showed a significant improvement despite discontinuation of corticosteroids. Since this first report, several case series have confirmed the value of omalizumab as either monotherapy or adjuvant therapy in patients with various forms of BP (105, 135–138). We have also successfully used omalizumab in a number of BP patients and found that omalizumab treatment results in a sharp decrease of FcεRI expression on circulating basophils and a strong reduction of FcεRI+ cells in the skin of treated patients (129). Our results are thus in line with the idea that omalizumab is able to sequester free IgE and prevent its binding to its high-affinity IgE receptor, FcεRI (139–141). This process has been proposed to then downregulate the expression of FcεRI on mast cells and basophils as well as antigen-presenting cells (139).

In addition to omalizumab, there are other biological targeted therapies in development for BP (142). Dupilumab, a human IgG4 monoclonal antibody binding the IL4-Rα inhibits IL-4 and IL-13. It is approved in atopic dermatitis and is being studied in BP, and has several reports of treatment success (7, 143–145). While a phase 2 study of mepolizumab, a humanized IgG1 monoclonal antibody targeting IL-5, was unsuccessful in BP (146), benralizumab, a human IgG1 monoclonal antibody targeting IL5-Rα that leads to apoptosis of eosinophils and basophils, is being studied.

Together, these observations corroborate the idea that complement-independent mechanisms, which play a role in BP pathogenesis, offer additional therapeutic targets beneficial for affected patients. The recent, promising results of the complement inhibitor nomacopan continue to reflect the well-established role of complement-dependent mechanisms as the primary driver in the pathogenesis of BP (8). As such, downregulation of the complement pathway should remain the priority for investigation of therapeutic targets in this disease. However, given the evidence laid out above for the existence of complement-independent mechanisms, it is reasonable to conclude that specific targeting of these pathways may offer additional benefit to patients in the future, or be a major treatment option for a subset of patients in which these mechanisms are predominant.



Conclusions

Increased insight into complement-independent mechanisms in BP has not only improved our understanding of BP pathogenesis but has also significant translational implication. The increasing knowledge gained from studies dissecting IgE- and eosinophil-dependent pathways have highlighted the importance of extending the therapeutic horizons beyond those predominantly focusing on complement-mediated pathways. Hence, several avenues remain to be therapeutically explored. For example, blocking the production of pro-inflammatory mediators released by keratinocytes represents a potential approach by which BP may be improved. Likewise, induction of BP180 expression in basal keratinocytes to compensate for BP-IgG induced BP180 loss could also have a beneficial effect.

The extent to which complement-dependent or -independent mechanisms contribute to phenotypic presentation remains to be determined. Dissecting contributory pathways has significant impact on personalized treatments. For example, autoantibodies to non-NC16a epitopes have been associated with a pauci-inflammatory phenotype (147). Could this be sufficiently explained by the lack of NC16a-mediated endocytosis and subsequent expression of pro-inflammatory molecules? Several other questions remain. Are anti-NC16a induced keratinocyte pro-inflammatory molecules sufficient to induce granulocyte infiltration in the absence of complement? Does anti-BP180 depletion on keratinocytes lead to skin fragility in patients or is this primarily protease driven? Do keratinocytes express other pro-inflammatory cytokines/chemokines that may account for the eosinophilia typically seen in BP? Is keratinocyte derived IL-8 the major inducer of neutrophil chemotaxis or complement? Can the presence or absence of complement fixing antibodies predict responses to different therapies?

While the whole-body application of topical corticosteroids may affect these pathways, their systemic absorption, local side effects, and their practical use in elderly patients constitute a therapeutic hurdle (148, 149). It is likely that in the near future, the possibility to more rapidly and easily obtain a comprehensive characterization of complement-independent pathways activated in lesional tissues obtained from BP patients, for example using gene expression profiling, transcriptomics and proteomics, will provide a means to better tailor the therapy plan to the individual affected by BP.
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Introduction

Pemphigus encompasses a group of muco-cutaneous autoimmune bullous diseases characterized by the loss of adhesion between keratinocytes. The disease is associated with increased morbidity and mortality.



Materials and Methods

We characterized clinical patterns, survival, comorbidities, and drug prescriptions in patients with pemphigus referred to the Section of Dermatology of the University of Florence from January 2010 to December 2021.



Results

A total of 149 patients were identified (female/male sex ratio = 2.0). Median age at diagnosis was 57.7 ± 17.2 years; 108 patients were diagnosed with pemphigus vulgaris (PV) (72.5%) and 35 (23.5%) with pemphigus foliaceus (PF). Paraneoplastic pemphigus (PNP) and IgA-pemphigus accounted for three patients each. The overall survival rate was 86.9%. Accordingly, 14 (9%) patients died during the study period. The average age at death was 77.8 ± 9.3. Age at diagnosis was a risk factor for death in patients with pemphigus. Average concentration of Dsg3-IgG and Dsg1-IgG was 85.6 ± 68.8 and 75.9 ± 68.4, respectively. The most serious comorbid diseases included cerebro- and cardiovascular accidents and malignancies. Regarding the treatment regimen, we found a substantially stable use of systemic steroids in the 2010–2018 period; the prevalence of use of mycophenolic acid increased, whereas that of azathioprine decreased. The use of rituximab showed the highest increase in the 2013–2018 period. Proton-pump inhibitors and antibiotics were the most frequently prescribed non-immunomodulating drugs.



Conclusions

In this large series of the patients, patients with pemphigus showed a high incidence of serious comorbid diseases, highlighting the importance of a multidisciplinary approach for a proper management of the patients. Rituximab was the immunomodulating drug showing the highest increase in use over time, reflecting the growing evidence of its efficacy as a first-line treatment in pemphigus.
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Introduction

Pemphigus is a heterogeneous group of autoimmune bullous diseases, characterized by autoantibodies targeting intra-epidermal adhesion molecules, particularly desmosomal cadherins, such as desmoglein (Dsg) 3 and Dsg1 (1). Antibody-antigen binding interferes with homophilic interactions between desmogleins, leading to the loss of adhesion between keratinocytes, also referred to as acantholysis (2–6).

Pemphigus vulgaris (PV) and pemphigus foliaceus (PF) are the two major variants of pemphigus. Pemphigus variants other than PV and PF are less frequent. These include pemphigus vegetans, paraneoplastic pemphigus (PNP), pemphigus herpetiformis (PH), and IgA pemphigus (2, 7).

The epidemiological characteristics of pemphigus vary according to the clinical variant, geographical regions, and ethnicities (3, 4, 8).

PV is considered the most prevalent type of pemphigus, corresponding to 70% of all cases (3, 4).

In European countries, the average age at onset of PV varies from 50 to 60 years (9). Conversely, PV is extremely rare during childhood (10).

PV seems to be more prevalent in female than male patients, with a female/male sex ratio (F/M SR) ranging from 1.1 in Finland to 5.0 in the USA (2, 4).

PF is divided in two different subtypes: sporadic and endemic. Sporadic PF is the second most common type of pemphigus, representing about 20% of pemphigus cases (2, 4). The average age at onset is around 50 years, with no preference for sex or ethnicity (3). Endemic PF is a variant of PF with a high incidence rate in some rural areas of Brazil, Colombia, and Tunisia (11).

Atypical pemphigus variants, including PNP, IgA pemphigus, and PH, are far less common. PNP accounts for 3%–5% of pemphigus cases (2, 12). The exact incidence and prevalence of PNP are difficult to evaluate. PNP is almost always associated with an underlying malignancy, particularly hematological malignancies including non-Hodgkin’s lymphomas, chronic lymphocytic leukemia, and Castleman’s disease. Rarely, PNP can also arise in association with solid tumors (13). The average age at onset ranges between 45 and 70 years (14), although it can also occur in children and adolescents, especially when associated with Castleman’s disease (15). Regarding gender, different data were reported in the literature: a French study reported a predominance of the male sex (58.5% of cases), whereas an international multicenter study including Asian patients reported a female predominance (56.7%) (16, 17).

Treatment of pemphigus largely relies on immunosuppressive treatments. High-dose systemic corticosteroids are considered frontline therapies and are necessary to achieve rapid clinical improvement. A variety of immunosuppressive treatments, including dapsone, azathioprine, mycophenolate, and cyclophosphamide, serves as steroid-sparing agents, allowing progressive tapering of systemic steroids but are less useful for the treatment of active disease (2).

Rituximab (RTX), a monoclonal antibody targeting CD20, shows a remarkable clinical efficacy, longer clinical remission, and significant steroid sparing effects in patients with pemphigus and is now regarded as a first-line treatment in patients with moderate to severe disease (5, 18).

Despite a drastic reduction in pemphigus mortality since the advent of systemic corticosteroids and immunosuppressive treatments, pemphigus associated mortality appears to be 1.7–3.6 higher than that observed in the general population (19).

One reason explaining the higher mortality of patients with pemphigus is linked to treatment-related adverse effects, such as severe infections. Other reasons may be related to associated comorbidities, particularly cardiovascular diseases and malignancies (20, 21).

Among pemphigus variants, PNP seems to be associated with the highest mortality, which is related to either the associated malignancy or the severe clinical course, characterized by a lower responsiveness to immunosuppressive regimens and the increased risk of systemic complications, such as bronchiolitis obliterans (22).

The purpose of this study is to characterize clinical and epidemiological characteristics of patients with pemphigus who attended our dermatologic clinic over a period of 12 years.



Materials and Methods


Patients

We conducted a 12-year retrospective study including 149 patients diagnosed with pemphigus at the Rare Skin Diseases Unit of Azienda USL Toscana Centro, University of Florence from January 2010 to December 2021. All cases were included into the Registry of Rare Diseases of Tuscany.



Inclusion and Exclusion Criteria

Eligible for the study were all patients at every age that meet the criteria for the diagnosis of pemphigus proposed by current guidelines (5, 6).

Briefly, the diagnosis and classification of pemphigus was based on the clinical presentation and histopathological and immunopathological criteria, including i) detection of IgG or IgA intercellular deposits at direct immunoflouorescence microscopy from a perilesional tissue sample, ii) detection of circulating antibodies binding the inter-keratinocyte surface at indirect immunofluorescence, and/or iii) detection of IgG against desmosomal proteins, e.g., Dsg3 or Dsg1, by enzyme-linked immunosorbent assay or immunoblotting. Assessments of circulating anti-Dsg1 and anti-Dsg3 autoantibodies were performed using commercial kits (MBL MESACUP-2 TEST, Naka-Ku Nagoya Aichi, Japan).

Patients whose diagnosis of pemphigus could not be confirmed by the abovementioned criteria or who were not living in Tuscany at the time of diagnosis were excluded from the analysis.



Demographic and Clinical Characteristics of the Patients

Data regarding the clinical characteristics and phenotype of the disease (PV, PF, PNP, and other rare variables), the demographic characteristics (age and sex), and the autoantibody profile at diagnosis (anti-Dsg1 and Dsg3 IgG autoantibodies) and within 12 months after diagnosis were collected from all the patients with pemphigus identified from the registry.



Comorbidities and Pharmaceutical Prescriptions

A subset of 78 cases (out of 149) endowed of the regional unique anonymous identification number was linked to the regional hospital discharge records and the drug prescription database.

Associated comorbidities were extrapolated from hospital admissions.

We focused on various comorbidities that have been associated with pemphigus according to the literature. Associated comorbidities were identified using the International Classification of Diseases, Ninth Revision, Clinical Modification.

The drug prescription database contains information on dispensed drugs reimbursed by the National Health Service. Only outpatient prescriptions were collected in the database.

The prevalence of use of the most common classes of prescribed drugs in pemphigus was calculated for each year of the 2011–2018 period, by dividing the number of pemphigus cases with at least one dispensing of each pharmaceutical class for the number of prevalent cases at the beginning of each year. Drugs prescribed during 2010 were excluded to avoid underestimation related to patients diagnosed in the last months of 2010 and started to be treated from 2011.The Anatomical Therapeutic Chemical (ATC) classification system was used to code drugs information. Two macro-areas of drugs have been identified:1) those used for the treatment of pemphigus and 2) those used for the management of pemphigus-associated comorbidities.

The first group included the following: prednisone, dapsone, cyclophosphamide, azathioprine, mycophenolate mofetil, RTX, medium- and high-potency topical corticosteroids and analgesic, particularly opioids.

The second group included the following: bisphosphonates, antimicrobial drugs, proton-pump inhibitors (PPIs), beta blockers, calcium channel blockers, angiotensin converting enzyme (ACE) inhibitors and sartans, statins, antidiabetics including insulin, and antithrombotic drugs.



Statistical Analysis

Differences in demographic (age and sex) and in anti-Dsg1 and anti-Dsg3 antibodies at T0 (baseline) and T1 were evaluated overall and by pemphigus variants using Student’s t-test for continuous variables and Fisher’s exact test for categorical variables. For continuous variables, mean values with standard deviation (SD) were reported in the text.

Survival estimates were calculated by sex, age class (<40 years, 40–59 years, 60–74 years, and ≥ 75 years), and pemphigus variants (PV and PF) using the Kaplan–Meier method, with the log-rank test to assess statistically significant differences.

The effects of sex, age at diagnosis, pemphigus variant, and levels of anti-Dsg1 and anti-Dsg3 at T0 were estimated using Cox proportional hazards regression model and hazard ratios (HRs) with 95% confidence intervals (CI).

The data were analysed with Stata, version 16.

Two-sided p-value < 0.05 was considered statistically significant in all analyses of this study.




Results


Demographic and Clinical Characteristics

A total of 149 patients with a new diagnosis of pemphigus was identified between January 1, 2010, and December 31, 2021. The population included 50 male (33.6%) and 99 female (66.4%) patients with a F/M SR of 2.0.

Of these 149 patients, 108 had PV (72.5%), 35 had PF (23.5%), three had PNP (2%), and three had IgA pemphigus (2%).

Oral PV was detected in 53 out of 108 patients with PV (49.07%).

In more details, among patients with PV, female patients (n = 69, 63.9%) were predominant over male patients (n = 39, 36.1%) with a F/M SR of 1.8. Among 35 patients with PF, 26 were female (74.3%) and nine were male (25.7%) (SR = 2.9). Among patients with PNP, there were two female (66.7%) and one male (33.3%) patients. Finally, there were two female (66.7%) and one male (33.3%) patients suffering from IgA pemphigus (33.3%). The mean age at diagnosis was 57.7 years ( ± 17.2, range: 6.3–89.9); in details, mean age at diagnosis was 59.0 ( ± 17.0) for male and 57.0 ( ± 17.4) for female patients, without significant differences (p = 0.51). Considering the clinical subtype, the mean age at diagnosis of PV was 56.5 ( ± 17.5) (male, 57.6 ± 18.3; female, 55.9 ± 18.3), whereas it was 59.9 ( ± 16.9) (male, 63.9 ± 11.0; female, 58.5 ± 18.5) for PF. At diagnosis, female patients were generally younger than male patients; however, the difference between both groups was not statistically significant (p-values >0.05) (Figure 1).




Figure 1 | Age distribution of patients, total and by sex. Proportions of male and female patients for each age class are reported in bars. Total percentage of each age class is also reported (gray line).





Antibodies

The mean titer of circulating autoantibodies (reported as UI/ml) at the time of diagnosis (T0) was 75.9 ± 68.4 for anti-Dsg1 and 85.6 ± 68.8 for anti-Dsg3 antibodies. In the PV groups, anti-Dsg3 IgG antibodies were significantly higher in patients with mucocutaneous than oral PV (135.9 vs. 95.3, p = 0.0003), whereas the average value of anti-Dsg1 IgG antibodies was significantly lower in patients with oral PV than in patients with muco-cutaneous PV (8.6 vs. 111.6, p < 0.0001t). As expected, there were significant differences in the mean value of anti-Dsg1 at T0 between PV and PF (59.1 vs. 136.8, p < 0.0001) and in the mean value of anti-Dsg3 at T0 between PV and PF (115.0 vs. 13.0, p < 0.0001).

At T1, corresponding to the interval between diagnosis and the first 12 months of follow-up, a decrease in anti-Dsg1 antibodies was recorded in 71 out of 84 patients, and a decrease in anti-Dsg3 antibodies was recorded in 72 out of 83 patients (corresponding to 84.5% and 86.7% of the patients, respectively).

In particular, the average titers at T1 were 30.6 ± 46.8 for anti-Dsg1 and 51.7 ± 59.5 for anti-Dsg3 antibodies.

The mean value of decrease of anti-Dsg1 antibodies between T0 and T1 was −65.5 ± 60.0, with significant differences between PV and PF (−58.1 vs. −97.1, p = 0.02).

The mean value of decrease of anti-Dsg3 antibodies between T0 and T1 was −52.3 ± 48.8, also in this case with significant differences between PV and PF (−65.2 vs. −15.4, p < 0.001). We next evaluated whether immunosuppressive adjuvants induced different degree of autoantibody reduction after at least 270 days following treatment. Interestingly, we observed that patients receiving rituximab experienced a higher decrease of anti-Dgs1 antibodies (92.8 ± 70.5) than patients who did not received it (52.4 ± 68.4), with a difference approaching the statistical significance (p = 0.07). On the contrary, we did not observe statistically significant differences in the decrease of anti-Dsg3 antibodies between the two groups.



Survival

During the study period, 14 (nine male and five female) out of 149 patients died (9.4%).

The average age at death was 77.8 ± 9.3 years (range: 56.2–94.8); 77.9 and 77.6 years for male and female patients, respectively. No deaths were observed for patients below 40 years.

The cause of death was retrieved in eight out of 14 patients. Five patients died due to complications related to an advanced cancer. One patient died due to an acute stroke, one died due to an acute cardiovascular event complicated by sepsis, and one died due to an ab ingestis pneumonitis.

The Kaplan–Meier overall survival rate estimated during the study period was 86.9%. A significantly higher survival rate was observed in female than in male (94.2% vs. 76.4%, p = 0.03) (Figure 2A).




Figure 2 | (A) Kaplan–Meier survival curves by sex (female and male patients in continue and dotted lines, respectively); (B) Kaplan–Meier survival curves by age classes (under 40, between 40 and 59, between 60 and 74, over 75); (C) Kaplan–Meier survival curves by pemphigus variants (PF and PV).



Survival rate significantly decreased from patients under 40 (100%) to patients between 40 and 59 years (96.9%), to patients between 60 and 74 years (81.0%), and to over 75 (62.9%) (p < 0.001) (Figure 2B).

Although survival rate was greater in the PF subtype than in PV (91.4% vs. 85.4%), the difference was not statistically significant (p = 0.39) (Figure 2C).

Cox proportional hazards regression showed that each additional year at diagnosis was associated with a 9% risk of dying (p < 0.001) and that male patients had a significantly increased risk of death than female patients (non-adjusted HR: 3.12; 95% CI: 1.04–9.33). However, after adjustment for age at diagnosis, the difference between male and female patients was not statistically significant.

The levels of anti-Dsg1 and anti-Dsg3 at T0 did not appear to be a risk factor for survival, even after adjustment for sex and age.



Comorbidities

Cancer was found in nine out of 75 patients with pemphigus (12.0%); in detail, eight patients had received a diagnosis of a solid tumor (10.7%): among them, four cases (5.3%) occurred in patients prior to the diagnosis of pemphigus.

The associated solid malignancies included the following: eosophageus carcinoma (one patient); carcinoma of the hypopharynx (two patients); uterine leiomyoma (two patients); malignant neoplasm of the retroperitoneum and peritoneum in one patient; and bladder carcinoma (one patient).

A hematological malignancy was detected in one patient (1.3%).

Regarding autoimmune diseases, two cases of thyroiditis (2.7%) and four cases of arthritis (5.3%) were recorded, all in female patients and before the diagnosis of pemphigus.

Regarding neurological and psychiatric disorders, we found one patient who had been hospitalized due to a hereditary degenerative disorder of the central nervous system; one patient was hospitalized for encephalitis and two hospitalizations occurred for personality disorder. On the other hand, we have not found any cases of hospitalization for multiple sclerosis, epilepsy, organic psychotic conditions, such as dementia and alcohol- or drug-related mental disorders.

Regarding cerebro- and cardiovascular diseases, we found six (8.0%) hospitalizations for heart attack of which four (5.3%) occurred following the diagnosis of pemphigus; nine (12.0%) hospitalizations for non-ischemic heart disease, although none following the diagnosis of pemphigus; one hospitalization for pulmonary hypertension preceding the diagnosis of pemphigus was reported; finally, five (6.7%) hospitalizations for cerebral stroke of which one occurred in the period following the diagnosis of pemphigus was recorded.

About the vascular system, three (4.0%) hospitalizations for arterial vascular system disorders, two of these after the diagnosis of pemphigus, were detected; whereas five (6.7%) for venous and/or lymphatic system disorders, of which four after pemphigus diagnosis, were recorded.

Regarding the respiratory system, one case of acute infection of the upper respiratory tract and two hospitalizations for chronic obstructive pulmonary disease (COPD) were detected, both prior to the diagnosis of pemphigus; instead, two (2.7%) hospitalizations for pneumonia occurred following the diagnosis of pemphigus. None of them was taking either topical or systemic steroids at the time of hospitalization. No hospitalizations for pleural diseases were registered.

Eleven diagnosis of diabetes mellitus were recorded (14.7%; five male and six female patients) of which eight (10.7%) occurred after the diagnosis of pemphigus.

Regarding other metabolic disorders overweight and obesity were found in a total of eight (10.7%) patients, all registered prior to the diagnosis of pemphigus.

Regarding ocular diseases, three patients with glaucoma were registered, of one after the diagnosis of pemphigus (4.0% and 1.3% respectively); one patient was hospitalized due to cataracts (1.3%) diagnosed after the diagnosis of pemphigus.

A total of 11 patients (14.7%) diagnosed with genitourinary tract diseases were registered, of which three cases of nephritis registered after the diagnosis of pemphigus.

Regarding the gastrointestinal (GI) system, three patients suffered from an inflammatory disease of the upper GI tract (including esophagitis, gastritis, peptic ulcers, and duodenitis) occurred following the diagnosis of pemphigus.

No cases of intestinal tract infections or inflammatory bowel diseases were reported.



Pharmacoepidemiology


A. Pemphigus Management

Briefly, regarding the drugs recommended by the latest guidelines for pemphigus management, it was found that no patient had received Dapsone or Cyclophosphamide as a steroid-sparing agent in the time period examined.

The use of Mycophenolate Mofetil and Azathioprine as steroid-sparing therapies appeared to be almost stable throughout the years, albeit with a slight upward trend of Mycophenolate Mofetil compared to Azathioprine (Figure 3).




Figure 3 | Prevalence trend (2011–2018) of the investigated drugs used for pemphigus management: topical corticosteroids, prednisone, azathioprine, mycophenolic acid, rituximab, and opioid.



The use of these drugs did not suffer considerable changes following the introduction of RTX.

Specifically, in our study, RTX was started to be used from 2014, administered to one patient (2.9%) out of a total of 34 cases in study in that year.

Since 2015, there has been an increase in the use of RTX. At the end of the study, 46.3% of patients had received at least one cycle of RTX.

As expected, regarding the use of topical corticosteroids, a predilection in the use of high potency compared to medium potency was observed (in 2018, 13.4% and 3%, respectively).

About the use of opioids, recommended by the current guidelines for pain relief, we recorded a progressive decrease starting from 2011 (21.4%) until 2018 (9%) (Figure 3).

The intensity of use of Azathioprine and Mycophenolate, expressed as prescription/users (Pr/us; number of prescriptions of each drug/total number of cases with at least one dispensing per year), was also evaluated. Both drugs showed a steady trend between 2011 and 2018 ranging between 3.4 and 5.6 Pr/us and between 4.0 and 4.5 Pr/us for Azathioprine and Mycophenolate, respectively.



B. Therapies for the Management of Comorbidities in Patients With Pemphigus

PPIs and antibiotics were shown to be the most frequently consumed drugs among patients with pemphigus, with their use remaining substantially stable over the years (43.3% and 52.2% in 2018 for PPI and antibiotics, respectively).

Interestingly, the consumption of systemic antivirals started from 2016, whereas from 2011 to 2015, no patients were found to be prescribed with systemic antivirals. Interestingly, four of the eight cases that have at least one prescription of antivirals between 2016 and 2018 have received at least one prescription of RTX.

Since 2015, the prevalence of use of antifungal drugs for systemic use was about 2%.

Compared to PPI and antibiotics, there was a lower consumption (with a maximum of 12.2% in 2016) of insulin and non-insulin antidiabetic agents, anti-hypertensive drugs, such as beta blockers, calcium channel blockers, ACE inhibitors, and sartans (with a maximum of 16.4%, 11.1%, 16.3%, and 21.8%, respectively), and antithrombotic and anticoagulant agents (Figure 4).




Figure 4 | Prevalence trend (2011–2018) of therapies for the management of pemphigus-associated comorbidities: (A) antibacterial, antimycotics, antifungals and antivirals for systemic use; (B) beta-blockers, angiotensin II receptor blockers, ACE inhibitors, antithrombotic agents, HMG CoA reductase inhibitors, and calcium channel blockers; (C) bisphosphonates, proton-pomp inhibitors, and antidiabetic drugs.







Discussion

The distribution of the different disease phenotypes within our cohort is in line with data reported in the literature (23), with a clear prevalence of PV over PF (4). Interestingly, the mean age at onset of pemphigus observed in our study was around 57, substantially overlapping to other epidemiological studies, such as one French series including 266 patients (24). Similar to that study, we did not observe substantial differences in terms of age at onset in relation to sex or pemphigus variant (24).

Differently, an English study including 138 patients with pemphigus demonstrated a significantly higher mean age at diagnosis (around 71 years) (25).

Pemphigus-specific mortality was estimated to be around 5% of patients in previous studies (3). In our series, 9% of the patients died during the study period. Death occurred in 10.2% of patients with PV, in 5.7% of patients with PF, and in one patient (corresponding to 33.3%) with PNP. Of note, the cause of death was available only for eight out of 14 patients, and in all these cases, it was not directly related to pemphigus itself. In another large series by Kridin et al., including 237 patients with pemphigus, with a slightly lower age at onset than our study, death was reported in 19.8% of patients with and 23.3% of patients with PF (19). The differences between these two studies might by due to the different sample sizes and/or to the different period of follow-up.

As expected, survival in our cohort was lower among patients with PV than PF. In addition, the survival rate decreased clearly with increasing age and was lower in male than female patients. Collectively, these data are similar to other previous studies in the literature (24).

As expected, there was a significant association between PV and anti-Dsg3 IgG antibodies as well as PF and anti-Dsg1 antibodies. Further, a significant drop in autoantibody titers between pemphigus diagnosis and the first 12 months of follow-up occurred in the vast majority of patients with PV (83.6% and 87.1% for anti-Dsg1 and anti-Dsg3, respectively) and PF (94.4% and 83.3% for anti-Dsg1 and anti-Dsg3, respectively). After 1 year of treatment, anti-Dsg1 antibodies were shown to decrease more in patients receiving RTX compared to those treated with other immunosuppressive agents. Because circulating antibodies reflect well the clinical activity and severity of the disease, our results confirm the efficacy of the various immunosuppressive treatments in pemphigus.

Concerning the treatment regimen, our study highlights the preferential use of Mycophenolate and Azathioprine as adjuvant steroid-sparing drugs for pemphigus management. Accordingly, none of the patients received treatment with other immunomodulatory drugs, such as dapsone, or immunosuppressive drugs, such as cyclophosphamide. Reasons include the fact that dapsone in not licensed for use in Italy; whereas cyclophosphamide showed an unfavorable safety profile compared to other steroid-sparing agents and has not shown meaningful superior efficacy compared to other drugs in randomized clinical trials. The increasing trend of RTX use observed in our sample is related to the accumulating evidence of efficacy of RTX in pemphigus (18, 26, 27), leading current guidelines to recommend the use of the drug as a first line option in pemphigus (5). Despite exciting results of RTX clinical trials (28), we observed that trend of prescriptions of Mycophenolate and Azathioprine remained substantially stable after its introduction in our cohort.

Among drugs used for the management of disease- or treatment-related comorbidities, PPI and antibiotics were the most frequently prescribed. The high consumption of PPI can be explained by the long-term use of corticosteroids in patients with pemphigus. In this regard, our series confirms the usefulness of this class of drugs in preventing severe and/or chronic gastrointestinal toxicity of systemic corticosteroids, as suggested by the low incidence of diseases of the upper gastrointestinal tracts.

Infections represent one of the most frequent comorbidities among patients with pemphigus and account for one of the main causes of pemphigus-related mortality (21, 29). The high consumption of antibiotics suggests that infections are also common in our patients’ cohort. Notably, it is arguable that most of the infections experienced by patients were of mild severity, as, except for two cases of pneumonia, both occurred in patients after pemphigus diagnosis, and there were no hospitalizations due to serious infections during the study period.

Notably, we recorded a very low consumption of antimycotic drugs, which suggests a low incidence of mycotic infections among patients. This is partly contrasting other studies in the literature, which demonstrated an increased susceptibility of patients with pemphigus to either dermatophyte or deep and systemic fungal infections (29).

Several studies reported herpes virus infections, including herpes zoster infections, as highly frequent in patients with pemphigus, especially in those receiving lymphocyte-targeting or B-cell depleting therapies, including Mycophenolate and RTX (30, 31). Moreover, herpes virus infections can also serve as a trigger for sudden worsening of pemphigus during immunosuppressive treatments (32, 33) and can be difficult to be recognized due to clinical similarities between herpes and pemphigus lesions (34). In our sample, despite a generally low consumption of systemic antivirals, half of the patients who were prescribed with this class of drugs had received treatment with RTX.

In our study, about 12% of patients with pemphigus received a diagnosis of malignancy; in about half of them, cancer occurred after pemphigus diagnosis. These data are congruent with other studies in the literature, suggesting a significant association between cancer and pemphigus, including non-paraneoplastic variants. The latter cases are referred to as malignancy-induced or malignancy-exacerbated pemphigus (20, 35–37). Collectively these findings highlight the importance of increased awareness about the potential risk of malignancy in patients with pemphigus. Symptoms, including weight loss, fatigue, and chronic fever, should raise suspicion and requires prompt recognition and appropriate diagnostic workup.

Although a strong systemic activation of coagulation has been mostly observed in bullous pemphigoid (38), similar to previous studies (21, 39, 40), we observed a higher incidence of cardiovascular and cerebrovascular diseases as well as thrombo-embolic events in our cohort, the vast majority of which reported after pemphigus diagnosis. Collectively, these findings suggest that patients with pemphigus may benefit from anti-hypertensive drugs, beta blockers, and anti-thrombotic drugs for preventing these potentially lethal adverse events.

Comorbid diseases including diabetes mellitus, cataracts, and glaucoma, observed in our patients, are presumably related to toxicity of long-term use of systemic corticosteroids.

Nutritional counseling may be thus important for patients to counterbalance the alterations of glucose metabolism due to systemic steroids.

Major strengths of the study include the large sample size and the monocentric design. The main limitation of the study relies on its retrospective design. As a result, long-term observation varies significantly among patients.

Other limitations include the fact that complete data on pemphigus-associated comorbidities and drug prescriptions were available for only 78 patients with pemphigus. For the same reason, we were not able to link the prescription database to the control population. A second limitation is that the regional prescription database does not collect data related to inpatient prescriptions. For this reason, for patients having experienced long hospitalization periods, the use of some drugs may have been underestimated. Finally, the causes of death were not available in the data exploited in this study and were retrieved only for some of the patients.



Conclusions

This study represents the largest series of patients with pemphigus from a single referral center in Italy. This epidemiological study confirms that, despite pemphigus represents a prototype of organo-specific diseases, it frequently occurs in association with several comorbid diseases. Moreover, immunosuppressive treatments, patients often require additional treatments for managing these comorbidities. This finding highlights the importance of an integrated and multidisciplinary network for a correct management of patients and for optimizing costs.

Acute cerebro- and cardiovascular events and malignancies remain serious complications that dermatologists should keep in mind when managing patients with pemphigus.
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Paraneoplastic pemphigus (PNP) is an autoimmune bullous disease associated with underlying neoplasms and characterized by antibodies against desmoglein 3 (Dsg 3) and plakins. Autoantibodies against desmoglein 3 in sera of patients with PNP have been proven to cause acantholysis in vivo in neonatal mice. As a member of the plakin family, autoantibodies against desmoplakin were detected frequently by immunoprecipitation in the sera of PNP. The recombinant C-terminus of desmoplakin was expressed and purified to adsorb the specific autoantibodies against the C-terminus of desmoplakin. In vitro dispase-dependent keratinocyte dissociation assay and in vivo IgG passive transfer into neonatal mice assay were performed, followed by the electronic microscopy examination and TUNEL assay. We found that anti-C terminus of desmoplakin autoantibodies caused blisters and acantholysis in mice skin at a dose-dependent manner. Moreover, dissociated fragments were observed after incubation with the purified IgG against desmoplakin, compared with normal human IgG (P-value =0.0207). The electronic microscopy examination showed the disconnection of keratin intermediate filaments from desmosomes. Lastly, apoptosis of keratinocytes in the TUNEL assay was all detected in the skins of neonatal mice after injection of the anti-C terminus of desmoplakin autoantibodies. Taken together, the study suggests that autoantibodies against the C-terminus of desmoplakin might be pathogenic in PNP.
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Introduction

Paraneoplastic pemphigus (PNP) is a multi-organ syndrome with multiple autoantibodies (1). Besides desmoglein 1, desmoglein 3, and α-2-macroglobulin-like-1 protein, several members of the plakin family such as epiplakin, plectin, desmoplakin (DP), bullous pemphigoid antigen 1, envoplakin, and periplakin are particularly found to be the antigens of PNP. In the past decades, we investigated the role of the plakin family in PNP and proved that tumor cells of Castleman disease with PNP could secrete antibodies against plakin family proteins and cause detachment of cultured keratinocytes (2). Followed by epitope-mapping, we discovered that the extremities of the N-terminus of envoplakin and the C-terminus of its linker subdomain are major epitopes of PNP (3). However, patients’ antibodies purified by these two proteins failed to cause any pathological changes in animal models. So far, the animal model has demonstrated the pathogenetic role of anti-desmoglein 3 antibodies (4), but it cannot explain the absence or low levels of anti-desmoglein 3 antibodies in a significant portion of PNP patients.

Among the plakin family, DP, most frequently detected by immunoprecipitation (IP), shares high homology with the others, especially envoplakin and periplakin (5), which were almost universally detected by immunoblotting (IB). However, the pathogenic role of autoantibodies against DP in PNP remained to be investigated (6). Interestingly, autoantibodies against desmoplakin were occasionally detected in erythema multiforme major patients (7, 8). Autoantibodies against the peptide (GNSSYSYSYSFS) of the desmoplakin C-terminus in erythema multiforme major patients or sera of peptide-immuned rabbits have been shown to cause dyskeratosis and suprabasal acantholysis (9). Moreover, desmoplakin mutations can cause hereditary diseases such as lethal acantholytic epidermolysis bullousa (LAEB) (10). Based on the shared phenotypes of PNP and erythema multiforme and LAEB, we speculated that the autoantibodies against desmoplakin in PNP could contribute to the pathogenesis and cause at least some clinical phenotypes in PNP.



Materials and Methods


PNP Patient and Sera

Serum was obtained by plasmapheresis from a 16-year-old female patient diagnosed as PNP. The criteria we applied included progressive stomatitis, histologic features of acantholysis or lichenoid or interface dermatitis, demonstration of serum antiplakin autoantibodies by immunoblotting or immunoprecipitation, and the presence of an underlying lymphoproliferative neoplasm (11).

This patient presented with painful mucosal and mucocutanous ulcetrations for 4 months before admission. Severe painful erosions involved her tongue, lips, buccal mucosa, eyes, and vulva diffusely. General exfoliative skins were noted on her body. The direct immunofluorescence (DIF) showed deposition of C3 on the basement membrane zone, while indirect immunofluorescence (IIF) showed deposition of IgG on the surface of keratinocytes with the titer at 1:640. IIF using rat bladder as substrate was also positive and the titer was 1:160. IP combined IB detected antibodies against desmoplakin, envoplakin, periplakin, and desmoglein 3. A mass of 5 cm plus 4 cm in the mediastinum was detected by computed tomography. She was diagnosed with PNP and treated with plasmapheresis. Unfortunately, while preparing for the operative status, the patient died of sepsis.



Expression of Recombinant C-Terminal of Desmoplakin

Full-length cDNA fragments encoding human desmoplakin I were synthesized and the target gene of the C-terminal (aa1945-aa2871) of desmoplakin (DP-C) was optimized and cloned into pET-28a (+) by NdeI and XhoI commercially (Genscript, Nanjing, China). The gene of C-terminal of desmoplakin (DP-C) with a C-terminal hexahistidine tag was transformed and expressed in E. coli BL21 (DE3). Briefly, a fresh BL21 (DE3) colony of 3 ml LB medium with 50µg/ml ampicillin was inoculated with 300 ml of LB medium supplemented with 50 μg/ml kanamycin. The LB medium was incubated at 37°C, shaking at 200 rpm until the bacterial suspension reached an optical density (OD) of 0.5 at 600 nm. After 5 h of induction with 0.05 mM/ml isopropyl-b-D-thiogalactoside, the culture was centrifuged. Soluble recombinant DP-C was obtained by sonication and purified by the NTA column (GE, Novagen) with binding buffer, washing buffer, and elution buffer as before (3). Imidazole was removed from the eluted protein by dialysis for 2-3 times at 4°C with phosphate buffered saline (PBS). Then recombinant DP-C was ultrafiltered to concentration and was measured by bicinchoninic acid assay. Finally, sodium dodecylsulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was performed and stained with Coomassie brilliant blue.



Recombinant DP-C was Coupled to CNBr-activated Sepharose 4B Beads for Preparation of the Affinity Column

A certain amount of CNBr-activated Sepharose 4B beads (GE Healthcare) was weighed and suspended in 1 mM HCl. The medium was washed for 15 min with 1 mM HCl following the protocol described in the instruction. Purified DP-C proteins were dialyzed against coupling buffer (0.1 M NaHCO3, 0.5 M NaCl, pH 8.3) and coupled with the medium overnight at 4°C. After washing away excess ligands with at least five times the medium volume of coupling buffer, we transferred the medium to 0.1 M Tris-HCl buffer (pH 8.0) to block any remaining active groups for 2 h, and then washed the medium with three cycles of alternating pH with five medium volumes of each buffer. Each cycle consisted of a wash with 0.1 M acetic acid/sodium acetate, pH 4.0 containing 0.5 M NaCl, followed by a wash with 0.1 M Tris-HCl, pH 8.0 containing 0.5 M NaCl.



HPLC Affinity Purification

Firstly, normal adults’ sera and PNP patients’ sera were diluted with 0.02 M PBS and purified by rProteinA sepharose (GE Healthcare) on AKTA to obtain total IgG. The autoantibodies against DP-C were purified by the AKTA using the recombinant DP-C coupled to the CNBr column. IgG bound to DP-C was eluted (100 mM Glycine, pH 2.7) from the DP-C coupled sepharose columns on AKTA and neutralized with 2 M Tris-HCl, pH 8.0, and then it was concentrated by ultrafiltration with a 0.22 μm filter (Amicon.Millipore, Ireland) against PBS. The IgG of the N-terminus of desmoplakin was purified by the N-terminus of DP and followed the same strategy as the anti-DP-C IgG from the remaining IgG of the same patient after the DP-C affinity chromatography.



Combined IP-IB

IP combined IB assay was performed using HaCat cells extract as substrate. The HaCat lysate buffer contained 62.5 mM Tris-buffer (PH = 8.0) with 1% TritonX-100 and the protease inhibitor cocktail tablet (Roche). The HaCat cells extract was precleared with rProtein A Sepharose by incubating it for 45 min at 4°C. Then 25 μg of purified DP-C specific IgG or positive controls (the commercial monoclonal antibodies against DP: Santa Cruz, sc-390975; the commercial monoclonal anti-desmoglein3 IgG: Abcam, ab14416) or healthy donors’ IgG was added to the precleared lysate separately and incubated overnight at 4°C, and then immunoprecipitated with rProtein A Sepharose for 2 h. The immunoprecipitants were washed for six times and separated by SDS-PAGE with a 6% gel, and electrotransferred onto nitrocellulose (NC) membranes. Then, after Ponceau S stained the NC membrane, only the wide and deeply dyed band of 55KDa was visible, most probably corresponding to the Ig heavy chains. In the following IB assay, desmoplakin and desmoglein 3 were detected by other commercial monoclonal antibodies (the monoclonal antibodies against desmoplakin I/II: Abcam, ab247866; the monoclonal antibodies against desmoglein 3: Abcam, ab128927).



ELISA

The Desmoglein 3 ELISA kit (MBL, Japan) was used to confirm whether the purified IgG contained the desmoglein3-specific IgG. Normal control IgGs from six healthy volunteers, positive control IgGs from five PNP patients, and negative control from one PNP patient were included to determine the proper dilution ratio. IgG purified by rProteinA was diluted at 1 mg/ml and the assay was performed afterward. The proper dilution ratio of the IgG was determined when the cut-off value (mean + 3SD) could distinguish between positive and negative control. IgG was diluted by dilution buffer in the kit. The proper diluted ratio was 1:15. Other steps were strictly performed as per the manufacturer’s instructions.



Dispase-Based Dissociation Assay

HEK (PromoCell) cells were seeded in triplicate on 12-well plates containing 0.1 mM calcium, then switched to the medium containing 1.2 mM calcium after reaching confluence, as described by Saleh et al. Cells were incubated in the medium containing 80 μg/ml of purified anti-DP-C autoantibodies or normal human IgG at 37°C overnight. Following washing in PBS, cells were incubated in situ with 0.3 ml of dispase II (> 2.4 U/ml; Roche) for 30 min to detach the epidermal sheet from the wells. The released sheets were carefully washed in PBS and then subjected to mechanical stress by pipetting with a 1 mL pipette. Fragments were fixed by adding formaldehyde at a final concentration of 3% and stained by adding crystal violet (Sigma-Aldrich) (12). At least three independent experiments were done in duplicates for each autoantibody.



Passive Transfer of the Purified IgG

The concentration of the IgG was calculated by measuring OD280 (OD280 of 1 mg/ml IgG =1.43). IgG was affinity-purified on a recombinant DP-C column. Neonatal BALB/C mice (Beijing Vital River Laboratory Animal Technology, China) were obtained at 12–24 h of age (body weight, 1.4–1.6 g). The affinity-purified anti-DP-C IgG was injected at 3.3, 1.7, and 0.6 mg of total protein per gram of body weight into the subcutaneous of neonatal mice. Normal IgG was injected as a control with the same dose. Parts of the neonatal mice were sacrificed at 3 h and skins were harvested for direct immunofluorescence by freezing in optimal cutting temperature compound (OCT). The other mice were sacrificed at 24 h and skins were also obtained for HE staining, DIF, TUNEL assay, by either fixation in 10% formalin, freezing in OCT, or putting in the glutaraldehyde fixed solution prepared for electronic microscopy accordingly.



Direct Immunofluorescence (DIF)

Neonatal mice skins used as substrate for DIF were biopsied 3 h after injection. The mice skins were embedded in OCT and made frozen sections with a thickness of 4-5 um. Fixed with acetone at 4°C for 10 min, and immersed with 0.01 mol/L PBS (pH7.4) in 4°C for 1 min, the specimen was always kept at certain humidity. Each section was blocked with 100ul of 10% goat serum at room temperature for 30 min and washed with 0.01 mol/L PBS (pH 7.4) three times. Rabbit anti-human IgG (H+L)-FITC antibodies were diluted at 1:200, and added to each section, and then kept away from light and incubated at 37°C for 30 min, and washed at 1 min each time for four times. Lastly, a drop of buffered glycerin was added to cover the glass slide. The images were collected by a laser confocal microscope at 488 nm.



Transmission Electron Microscopy

The skin specimens were cut into small pieces and placed in half-strength Karnovsky fixative. Samples were fixed while on a rotator at room temperature for 2 h and then washed in PBS at 4°C. Postfixation was in osmium tetroxide for 2 h at a 4°C temperature. Specimens were dehydrated in a graded ethanol series (15 min each), stained en bloc in uranyl acetate, and embedded in Eponate 812 resin via propylene oxide. Semithin sections (0.5 mm) cut on an ULTRACUT UCT/UC6 ultramicrotome (Leica, UK) were stained with azure II and methylene blue. Ultrathin sections (80-90 nm) were stained with 50% alcoholic uranylacetate (15 min) and lead citrate (10 min) and examined by a JEM-1230 transmission electron microscope (Tokyo, Japan).



TUNEL Assay

The experimental mouse skin samples were embedded in OCT. Cryopreserved tissue sections were fixed in 4% paraformaldehyde in PBS for 20 min and subjected to TUNEL assay using the in situ cell death detection kit (Roche) according to the manufacturer’s instructions. Following permeabilization and wash, sections were incubated with a reaction mixture containing TdT and fluorescence-conjugated dUTP for 1 h at 37°C. The labeled DNA was examined under a confocal microscope.



Statistics

The t-test was performed for comparisons between two groups by SPSS (SPSS, Inc., Chicago, IL, USA). GraphPad Prism 5.0 was used to compare differences and drew a graph. P < 0.05 was considered statistically significant.



Study Approval

Written informed consent was obtained from all patients and healthy donors. The studies, including the animal study, were performed according to the Declaration of Helsinki and were approved by the medical ethical committee of Peking University First Hospital.




Results


Expression and Purification of the Recombinant of DP-C in E. coli

Recombinant DP-C from aa1945 to aa2781 of desmoplakin was expressed by E. coli BL21. It contained plakin A, B, and C domains (Figure 1A). Between the B and C domains was the Linker subdomain (not shown in Figure 1A). The mass weight turned out to be about 106 kDa. An isolated band was detected by Coomassie-staining on the SDS-PAGE after purification by the Ni-NTA column (Figure 1B).




Figure 1 | Recombinant DP-C and the specificity of the DP-C affinity purified IgG. (A) Scheme chart of desmoplakin. DP-C was started from aa1945 to aa2871 containing plakin repeat domains A, B, and C. (B) Recombinant protein DP-C on SDS-PAGE stained by Coomassie brilliant blue, and the molecular mass is about 106 kDa. (C) IP-IB assay confirmed the specificity of the DP-C affinity purified IgG. In the IP assay before the IB assay, the extract of HaCat cells was the substrate. The left panel C1-5 showed the IB process with commercial monoclonal antibodies against desmoplakin. C1: IP complex of another commercial anti-desmoplakin antibody; C2: total protein of HaCat as positive control; C3: the IP complex of DP-C affinity purified IgG; C4: the IP complex of N-terminus of desmoplakin affinity purified IgG; C5: the IP complex of healthy donor IgG. Bands of 250 kDa and 210 kDa were detected in the IP complex of DP-C purified IgG (C3) the same as C1, C2, and C4. The right panel C6-11 revealed in the IB process bands expected to be 130 kDa were detected by the monoclonal antibody against desmoglein 3. C6: total protein of HaCat cells as positive control; C7: IP complex of another commercial monoclonal anti-desmoglein 3 (DSG3) IgG; C8: IP complex of normal mouse IgG; C9: IP complex of DP-C affinity purified IgG; C10: IP complex of N-terminus of desmoplakin affinity purified IgG; C11: IP complex of healthy donor IgG. The band of Dsg3 was negative in the complex of DP-C purified IgG (C9), the same as the negative control (C11 and C10). (D) The OD450 value of a group of six healthy donors, five PNP with anti-desmoglein 3, one PNP without (w/o) anti-desmoglein 3, and purified anti-DP-C IgG was determined using an ELISA test of anti-Dsg3 IgG. The OD450 value of anti-DP-C was lower than the value of group of PNP IgG with anti-desmoglein 3, and equal to the PNP IgG w/o anti-demoglein 3, close to the healthy donors.





Purification of Autoantibodies Against DP-C from the Patient and the Specificity of the Antibodies

Total IgG was obtained from the PNP patient’s serum by rProteinA column (GE). Autoantibodies against DP-C were purified by the recombinant DP-C coupled CNBr column from the total IgG. Before the functional experiments, the specificity of the DP-C affinity purified IgG was confirmed by IP-IB with HaCat cells extract as substrate and ELISA (4). The commercial monoclonal antibodies against DP, the purified anti-DP-C IgG, N-terminus of desmoplakin affinity purified IgG, and IgG of the healthy donors were incubated with the extract of HaCat cells for IP, and then the IB assay was performed using another monoclonal antibodies against desmoplakin I/II. As shown in the left panel of Figure 1C, desmoplakin I and II (protein bands mass weighted 250 kDa and 210 kDa) were detected in the IP complex of DP-C affinity purified IgG (C3), the same as the IP complex of commercial monoclonal anti-desmoplakin antibody (C1), the extract of HaCat cells (C2), and the IP complex of N-terminus of desmoplakin affinity purified IgG (C4). To exclude the possibility of pathogenic interference of autoantibodies against the antigen of pemphigus vulgaris presented in our preparation, the IP-IB assay with the monoclonal antibodies against desmoglein 3 was also performed. As shown in the right panel of Figure 1C, desmoglein 3 was detected in the extract of HaCat cells (C6) and the IP complex of monoclonal antibodies against desmoglein 3 (C7) worked as the positive control. The complex of DP-C affinity IgG (C9) was negative, the same as the healthy donor control (C11). To further determine whether the DP-C affinity purified IgG can react with desmoglein 3 or not, ELISA was performed with IgG from PNP patients and healthy volunteers. Five PNP sera, all with antibodies against Dsg3, were performed as the positive controls. One PNP serum without antibodies to desmoglein 3 and six healthy adults served as controls. The cut-off OD value was 0.137 (Mean+3SD). The negative PNP and anti DP-C autoantibodies were both tested negative (both of their OD =0.135), while the mean OD value of the positive control is 0.272, 0.623, 2.175, 0.962, 0.221, respectively (Figure 1D).



Detachment of Keratinocytes Induced by the Autoantibodies Against DP-C

To examine the pathogenicity of the anti-DP-C-specific IgG in vitro, we performed a dispase-based keratinocytes dissociation assay with normal human epidermal keratinocytes (HEK) (Figure 2A). IgG of healthy adults were use as negative control. The numbers of dissociated fragments caused by anti-DP-C IgG were significantly higher than normal control (P-value=0.0207, Figures 2B, C).




Figure 2 | DP-C affinity purified IgG induces loss of keratinocyte adhesion. Keratinocyte monolayers were incubated with the DP-C IgG and IgG from healthy volunteers. (A) The scheme of keratinocyte dissociation assays. (B) B1 and 2 are the group of normal human IgG, while B3 and 4 are the group of anti-DP-C IgG. (C) The numbers of fragments induced by the anti-DP-C IgG were significantly more than the IgG of healthy donors. The numbers of fragments induced by the anti-DP-C IgG were significantly more than the IgG of healthy donors (P <0.05).





Pathogenesis of Autoantibodies Against DP-C in Mice

To further determine whether anti-DP-C IgG in PNP sera was pathogenic in vivo, the purified autoantibodies were injected subcutaneously into 16 neonatal mice at different doses. Before the injection experiments, the titer of the original anti-DP-C IgG before injection was 1:640 tested by the IIF on rat bladder. The maximal dose was then set at 5 mg, the middle dose was set at 2.5 mg, and the minimal dose was set at 1 mg. The corresponding concentrations were about 3.3 mg/g, 1.7 mg/g, and 0.6 mg/g, respectively. The sera of the mice were all positive tested by IIF on the rat bladder, and the titers of the 3.3 mg/g dose group were 1:20 to 1:40, the titers of the 1.7 mg/g dose group were both 1:10, and the titers of the 0.6 mg/g group were 1:10, which were in the trend of dose-dependent. Normal human IgG was injected as a control at the same dose 24 h later. Obvious blisters on the back of neonatal mice accepting 3.3 mg/g anti-DP-C IgG can be seen (Figures 3A, B) but not the ones injected with normal human IgG (Figure 3C). One of the mice injected with 1.7 mg/g anti-DP-C IgG formed blisters on the back after two pinches. But 0.6 mg/g anti-DP-C antibodies didn’t induce visible blisters in neonatal mice even after being pinched three times. The mean pinch scores of different dose groups were calculated (Table 1). The highest dose group (3.3 mg/g) got the highest score, and the score of the lowest group (0.6 mg/g) and the healthy control group were zero, which is dose-dependent. Hematoxylin and eosin staining of skin biopsy showed intraepidermal blisters formation and significantly accelerated acantholysis in the spionous cell layer in the 3.3 mg/g group (Figures 3D–G). Acantholysis was found in one of the two mice injected with a lower concentration of IgG (1.7 mg/g (Figure 3H), 0.6 mg/g). In contrast, mice injected with 3.3 mg/g normal human IgG does did not show such histological changes (Figure 3I). In DIF, positive human IgG deposition was observed on the keratinocyte cell surfaces in the spinous layers of the biopsy skin 3 h after injection with 3.3 mg/g anti-DP-C IgG (Figure 4A). No deposition of IgG on the epidermis of normal control was found (Figure 4B).




Figure 3 | The clinical manifestations and pathological changes of skin in mice after being injected with anti-DP-C IgG and normal IgG. (A, B) Blisters on the backs of the neonatal mice injected with 3.3 mg/g of anti-DP-C IgG. (C) The skin of a newborn mouse accepted 3.3 mg/g normal human IgG was intact. (D–G) All of the mice injected with 3.3 mg/g of anti-DP-C IgG showed suprabasilar acantholysis in histology. Stratum corneum and granular layer absence was seen in (E) because of the strong degree of acantholysis.. (H) One of the mice injected with 1.7 mg/g of anti-DP-C showed suprabasilar acantholysis in histology. (I) Mice injected with 3.3 mg/g of normal human IgG showed no change in histology.




Table 1 | Acantholysis and mean pinch scores of the mice in the group A (anti-DP-C IgG) and group B (normal IgG) at different doses of 1-fold (3.3 mg/g), 1/2 fold (1.7 mg/g), and 1/5 fold (0.6 mg/g).






Figure 4 | DIF, electronic microscopy examination, and TUNEL staining in the group after being injected with 3.3 mg/g anti-DP-C IgG and normal IgG. (A) Human IgG deposition was found on keratinocyte cell surfaces (arrows) in the epidermis of mice injected with anti-DP-C IgG by direct immunofluorescence. (B) No IgG was deposited in the normal IgG injected group. (C, D) The electronic microscopy examination showed that disconnection of keratin intermediate filaments from desmosomes (arrows) in the mice injected with anti-DP-C IgG (C) compared with the normal IgG injected group (D) (bar=1μm). (E, F) TUNEL staining on the skin of neonatal mice injected with anti-DP-C IgG or normal human IgG. Positive TUNEL labeling was present in the epidermis of the mice injected with anti-DP-C IgG (E). (bar=50 μm)



To further observe the changes causing acantholysis, the electronic microscopy examination was performed and showed the disconnection of keratin intermediate filaments from desmosomes (arrows) in the mice injected with anti-DP-C IgG (Figure 4C) compared with the control group (Figure 4D).

A TUNEL assay was performed to further investigate whether apoptosis occurred in the mice skin, and positivity was observed in the epidermis 24 h after anti-DP-C-IgG injection (Figure 4E), but not in the skin after being injected with normal human IgG (Figure 4F).




Discussion

The true pathogenesis of PNP in its immunological part is still unclear. As deduced above, the low presence and levels of anti-desmogleins could not explain the whole story of PNP humoral responses. In this study, we demonstrated that the C-terminus of desmoplakin (DP-C) might be a pathogenic epitope in PNP. In our experiments, anti-DP-C autoantibodies caused detachment of keratinocytes in vitro dispase-dependent keratinocyte dissociation assay. Furthermore in vivo, by transferring IgG passively into the neonatal mice assay, we found that the DP-C autoantibodies caused blisters and acantholysis in mice skin. Moreover, the electronic microscopy examination showed the disconnection of keratin intermediate inflaments from desmosomes, similar to the phenomenon revealed by perinuclear retraction of intermediate filaments that had disconnected from the inner dense plaque of desmosomes in heredity epidermolysis bullosa caused by genetic truncation of the DP tail (10). Because the subdomains “A”(aa1960-aa2208), “B”(aa2244-aa2446), “C”(aa2609-aa2822)shown in Figure 1A were in the C-terminus interacting with intermediate inflaments (13), the polyclonal antibodies IgG might recognize the DP-C domain, then destroy the connection of intermediate inflaments to the DP, causing the unsteady structure of the desmosome plaque. By detecting apoptosis of keratinocytes in the TUNEL assay in the skin of neonatal mice after injection of the anti-C terminus of desmoplakin autoantibodies, we demonstrated that the anti-DP-C IgG triggered DNA fragmentation of lesional epidermal cells in neonatal mice. The apoptotic DNA fragments were presented with acantholysis and induced by anti-DP-C IgG, which indicated that the apoptosis of kerationocytes could be induced not only by cellular immunity (14) but also humoral immunity to the desmoplakin.

Nousari et al. proved that multiple autoantibodies against the homologous tail region of the plakin family in neonatal mice were pathogenic in PNP by passively transferring purified IgG into neonatal mice. This specific IgG crude reacted roughly to envoplakin, moderately to periplakin and plectin, and weakly to desmoplakin I and BPAG1. Twelve hours later, mucutanous blisters were present and all epithelial surfaces were acantholytic and deposited with human IgG (15). This study suggested that autoantibodies against the plakin family could cause acantholysis. However, the quantity and the affinity-purifed autoantibodies against the desmoplakin I were little and weak. There’s one possibility that the conformational interaction of DP and its autoantibodies were overlooked at that time. Since then, the concept of plakin antibodies in the pathogenesis of PNP has been overthrown by the findings of acantholysis caused by desmoglein antibodies from PNP (4).

In many points of view, antibodies against the plakin family were incapable of causing pathological change due to their intracellular localization. However, BPAG1 has been shown to be pathogenic in subepidermal blister formation as a bullous pemphigoid antigen, and Kiss et al. proposed an alternative idea that autoantibodies could penetrate living cells and altered their function (16). Karla Cauza et al. proved that the autoantibodies against DP (purified by the peptide GNSSYSYSYSSFS) were bound at the cell surface of cultured human keratinocytes, internalized via plasmalemmal vesicles, and were consecutively within tubulovesicular structures inside the cells (17). Anna Zakrzewicz et al. has proven that the FcRn may play a direct role in the pathogenesis and transport of autoantibodies in pemphigus (18). In our previous study, the purified specific anti-EPL and anti-PPL autoantibodies from PNP sera could enter the living keratinocytes by internalization and dissociate cultured confluent keratinocytes (19). Besides, Cauza et al. found that anti-desmoplakin autoantibodies of erythema multiform patients could be internalize into keratinocytes by plasmalemmal vesicles in vitro (17). Our results further demonstrate the pathogenic role of anti-DP-C antibodies in vivo, though this mechanism needs to be further investigated.

Desmoplakin, as a component of functional desmosomes for cytoskeletal structure and membrane attachments, has been shown to be critical in the stability of intercellular adhesion (20). In addition, the pathogenic mechanism of anti-DP-C autoantibodies in PNP might be inferred from some heredity diseases. Known as “lethal acantholytic epidermolysis bullousa”, named by Mcgrath et al., reported a neonate with genetic truncation of DP tail, more than two-thirds of whose skin was denuded. Light microscopy showed hyperkeratosis and keratinocyte cell-cell separation with suprabasal clefting, and electron microscopy revealed that there was complete detachment from the intermediate filament network from the desmosomal plaques (21). In our study, detachment of intermediate filament was also observed by electron microscope, from which we speculated that the anti-DP-C autoantibodies might bind the C-terminal of DP and then destroy the association between DP and keratin filament. Therefore, the pathological roles of anti-Dsg3 autoantibodies and anti-DP-C autoantibodies might be different.

Some authors reported that antibodies against desmoplakin were occasionally found in pemphigus vulgaris, but it turned out that these antibodies could be found by IB (22–24). They preferred to assume that the epitope-spreading phenomenon induced the antibodies against desmoplakin. Even though PNP was thought to be a humoral- and cellular-mediated disease in which epitope spreading participates (25). Autoantibodies against desmoplakin were still mostly detected by IP-IB in our diagnostic assays and in the literature. For that reason, we inferred that the roles of antibodies against desmoplakin were truly different in PNP and PV, since IP-IB preserved the conformational interactions of DP and its autoantibodies.

Clinically, PNP patients whose desmoglein 3 levels were negative also had autoantibodies against DP. Our study suggested that autoantibodies against desmoplakin were another explanation for blister formation and acantholysis. Together, the autoantibodies against both desmoplakin and desmoglein 3 induce the different phenotypes of pemphigus vulgaris and PNP in the aspect of humoral immunity. After all, our findings can be a complement to the acantholysis in those pemphigus patients who didn’t have autoantibodies against desmoglein 3.

Our study was limited by the number of patients who underwent plasmapheresis, since it was no longer a common treating strategy for PNP in recent decades. It was also undeniable that the role of desmoplakin in this model was challenged by other plakins sharing similar plakin repeat domains and linker subdomains. Still, our previous study failed in observing any phenotype in mouse skin to prove the pathogenesis of antibodies against envoplakin and periplakin. In the future, the rabbit polyclonal antibodies against the C-terminus of desmoplakin could be used to furtherly prove this hypothesis.

We believe that, taken together, these results are the first to describe desmoplakin as a pathogenic antigen in PNP. The autoantibodies against DP-C might contribute to the development of this rare disorder in both animal and human keratinocyte models, along with the participation of desmoglein 3 autoantibodies and its specific T cells. More investigations are needed to reveal the mechanisms behind the phenomena.
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Molecular mechanisms underlying auto-antibody-induced acantholysis in pemphigus vulgaris are subject of current research to date. To decipher the discrepancy between ubiquitous antibody binding to the epidermal desmosomes, but discontinuous disease manifestation, we were able to identify Ultraviolet A (UVA) as a cofactor for acantholysis. UVA induces interleukin (IL)-1 secretion in keratinocytes, mirroring innate immune system activation. In an in vitro keratinocyte dissociation assay increased fragmentation was observed when UVA was added to anti-Desmoglein 3 Immunoglobulins (anti-Dsg3 IgG). These results were confirmed in skin explants where UVA enhanced anti-Dsg3-mediated loss of epidermal adhesion. The UVA-mediated effect was blocked in vitro by the pan-caspase-inhibitor zVAD-fmk. Thus, we introduce UVA as a caspase-dependent exogenous cofactor for acantholysis which suggests that local innate immune responses largely contribute to overt clinical blister formation upon autoantibody binding to epidermal cells in pemphigus vulgaris.
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Introduction

Pemphigus vulgaris (PV) is a chronic autoimmune blistering disease characterized by the production of autoantibodies against Desmogleins (Dsg) 3 and Dsg1 causing dissociation of keratinocytes in the cell complex (acantholysis) and subsequent blister formation of the mucous membranes and the skin (1–3). At present, the complex mechanisms causing acantholysis are not fully understood but are known to require signaling mechanisms besides direct inhibition of desmoglein binding (4). PV still poses a therapeutic challenge due to severe co-morbidities of current treatment options, a refractory course (5, 6) and a high mortality when untreated (7). Although antibodies bind ubiquitously to the epidermis, acantholytic blisters only occur at distinct areas of the skin and the mucous membranes (8). Exogenous cofactors activating the innate immune system might be a key element in explaining the discrepancy between acantholysis and a lack of blister formation. Accordingly, in blister fluid from PV patients, increased levels of innate cytokines were detected which suggests a pathogenic role of innate immune activation (9–11). There are hints that IL-1α can increase complement activation which is observed in a majority of PV patients and might play an important role in acantholysis (12). Additionally, the innate immune system can modulate T cell-mediated disorders such as psoriasis (13) and presumably also PV (14).

IL-1 is an inflammasome-related proinflammatory cytokine involved in auto-immune and auto-inflammatory processes [reviewed by (15)]. It connects innate and adaptive immune responses by orchestrating lymphocyte differentiation (16).

Innate contributors in the pathogenesis of blistering diseases belonging to the pemphigoid-group have been early voiced due to the rich lesional inflammatory infiltrate of neutrophils, eosinophils and lymphocytes (17). Bullous pemphigoid (BP) is proposed to be a T-cell dependent, mainly Th2-like autoimmune disease with production of pathogenic IgG antibodies against the BP180 ectodomain of hemidesmosomes (18). This was based on the discovery of increased Th2-related (19, 20) cytokines in BP patients. Increased levels of complement factors (21–23), innate cytokines IL-1α and IL-1β (24, 25), Th-type cytokines IL-3, IL-4, IL-6, IL-10, and Granulocyte-macrophage colony-stimulating factor were detected in the sera and/or blister fluids from BP-patients (26).

The interaction of the innate and adaptive immune system and the release of cytokines are poorly understood in PV. This study aims to dismantle the local impact of cytokines on cell-dissociation apart from their role as key mediators in cell-mediated processes of autoantibody production in PV. Altered T-cell subsets are known to fuel the immuno-pathogenesis and inflammation in the skin [reviewed by (27, 28)]. Related to this, extensive changes in the cytokine network of pemphigus patients were described [reviewed by (29)]. Previous studies provided initial evidence for a local role of innate cytokines: IL-1-deficient mice as well as tumor necrosis factor-alpha receptor-deficient mice showed decreased susceptibility to PV-related antibodies (10). In addition, IL-1 upregulated tissue-type plasminogen activator secretion in the spontaneously immortalized keratinocyte cell line HaCaT (30), which might also be involved in PV-related acantholysis (31).

To improve treatment options and to obtain a better understanding of PV, we investigated whether IL-1-inducing stimuli, such as UVA irradiation led to an activation of the innate immune system as a cofactor for blister formation in PV. Here, we were able for the first time to identify UVA as a caspase-dependent exogenous cofactor in the pathogenesis of PV.



Augmentation of acantholysis via inflammatory caspases


UVA induces protein secretion of innate cytokines

To determine the effect of UVA irradiation as a potential cofactor in PV, the spontaneously immortalized keratinocyte cell line HaCaT was irradiated with UVA at 5 J/cm² (the titrated intensity that resulted in the best cytokine response, while cell viability was not affected, Supplementary Figure 1). Afterwards, cells were treated with IgG purified from PV sera (PV-IgG) which contained high levels of anti-Dsg3 IgG. Subsequently, gene expression of proinflammatory cytokines IL1A, IL1B, IL6 and IL8 was determined via real-time PCR (rtPCR) and the secretion of respective cytokines was measured by Enzyme-linked Immunosorbent Assay (ELISA).

After treatment with UVA, HaCaT cells showed a two-fold increase in mRNA expression for IL1A, IL1B only but a robust induction of IL6 and IL8 compared to untreated cells (Figure 1A). The treatment with PV-IgG did not lead to any notable changes in the expression of the indicated cytokines which is in line with previous findings (32). Furthermore, UVA irradiation induced the secretion of IL-1α, IL-1β, IL-6 and IL-8. Stimulation with PV-IgG alone did not result in a significant increase in cytokine release (Figure 1A).




Figure 1 | (A) HaCaT cells were irradiated with 5 J/cm2 UVA. Directly afterwards IgG purified from patient sera was added. After an incubation period of four hours, the expression of IL1A, IL1B, IL6 and IL8 was determined via rtPCR. Protein secretion was measured by ELISA. (B) After irradiation of HaCaT (5 J/cm2 UVA) the monoclonal anti-Dsg3 antibody AK23 was added for four hours. To block the effect caspase-activation zVad-fmk was added one hour prior to irradiation. A dispase-based keratinocyte dissociation assay was performed by applying shear stress on the epidermal monolayers. Cell fragments were stained with MTT and counted, IL-1 secretion was measured via ELISA. (C) Human skin explants were irradiated with 15 J/cm² UVA and incubated ex vivo for 48 hours with or without the monoclonal anti-Dsg3 antibody AK23 in increasing doses. Afterwards explants were HE stained. Error bars represent the SEM. *p < 0.05. The data evaluation was carried out via a One-way analysis of variance. **** p<0.0001; ** p<0.01; * p<0.05.



Combined stimulation with UVA followed by PV-IgG treatment showed no significant differences in cytokine gene expression and in protein secretion except for IL-1β compared to the stimulation with UVA alone.



UVA enhances PV-IgG-induced acantholysis caspase-dependent in vitro

Next, we evaluated the pathogenicity of anti-Dsg3 antibody and UVA as a pro-inflammatory cofactor in vitro. Therefore, we applied a well-established dispase-based keratinocyte dissociation assay on HaCaT cells. Principle of this method is to determine the cohesive strength of a keratinocyte monolayer due to stimulation, application of mechanical stress and quantification of resulting fragments (33). Again, the secretion of IL-1 was determined by ELISA. To block inflammasome-mediated caspase activation, the pan-caspase-inhibitor zVad-fmk was added prior to treatment with UVA and antibody.

As expected, treatment with the specific anti-Dsg3 IgG AK23 led to fragmentation of the cell monolayer as a surrogate parameter of acantholysis. The previous irradiation with UVA (subpathogenic level) significantly increased the number of fragments (Figure 1B). This effect was reversed by treating cells with the pan-caspase inhibitor zVAD-fmk prior to UVA-irradiation and treatment with anti-Dsg3 antibody, verifying the involvement of caspase activation. In the dissociation assay, additional UVA treatment significantly enhanced the secretion of IL-1α and IL-1β compared to the untreated control condition. This effect was less pronounced in costimulation with AK23 but was reversed by pretreatment with pan-caspase inhibitor zVAD-fmk.



Innate immune system activation enhances PV-IgG mediated blister formation ex vivo

To mimic a more physiological condition, skin explants taken from the safety margins of tumor operations were treated with UVA (15 J/cm²) and subsequently anti-Dsg3 antibody AK23 for 12 hours. As previously shown, the treatment with PV-IgG led to suprabasal acantholysis (34). Here, we titrated the concentration of the anti-Dsg3-antibody AK23 to a subpathogenic concentration, which alone did not induce acantholysis. After irradiation with a non-toxic dose of UVA (35), the threshold to induce acantholysis by anti-Dsg3 IgG was lowered and suprabasal blister formation was observed histologically (Figure 1C). UVA irradiation alone did not result in morphological alterations.




Discussion and perspectives

PV is considered a paradigm of an IgG autoantibody-triggered autoimmune disease of the skin which is mainly regulated by cellular components of the adaptive immune system (36). Antigen-specificity and immunological memory make it unique and enable to distinguish from the innate immune system (37). Thus, recent findings reveal that innate immune activation contributes to various autoimmune diseases (38) as e.g. in psoriasis through modulation of T cells (13). The primary immune system as first line of defense against invading danger fulfills immuno-protective functions on the one hand, but once being over-activated is the origin of inflammatory skin diseases. It reacts through the detection of external signals, cytokines, and chemokines, released by inflammatory cells. There are several extra- und intracellular pattern recognition receptors whose activation lead to cytokine release, with Nod-like receptors (NLR) being one of them (39). NLRs upon activation form inflammasomes, intracellular multi-protein complexes which result in caspase-activation. Caspases are proteases involved in cell death and inflammatory responses. Activation of caspase-1 through inflammasome formation leads to pyroptosis (a pro-inflammatory form of cell death) and cleavage of inactive pro-IL-1β to biologically active IL-1β, leading to its secretion (37) (Figure 2). In addition, caspase-1 independent mechanisms of IL-1 release were identified, too (40, 41).




Figure 2 | Model of cofactor influenced acantholysis in PV. The local activation of the innate immune system through activation of TLRs and inflammasomes or via activation of caspases is known in keratinocytes.



To understand the pathogenesis of autoimmune blistering dermatoses and specifically PV, the role of the immune system in the loss of self-tolerance and initiation of autoantibody production (38), and a local influence of the antibodies on the epidermis, finally resulting in acantholysis, have to be clearly distinguished. Aim of the study was to focus on factors needed for blister induction upon antibody binding to the epidermis.

It is known that incubation with anti-Dsg3 IgG can induce acantholysis both in vitro and in vivo (42, 43). Our results show that the threshold of acantholysis can be lowered by an exogenous cofactor, which in the case of UVA acts via activation of the innate immune system. Previous hints for a possible pathophysiological involvement were obtained by detecting elevated levels of innate cytokines from the blister fluid and sera of PV patients (9, 10, 44). We propose local activation of the innate immune system as a possible cofactor in autoantibody-induced acantholysis in the pathogenesis of PV. Specifically, we identified UVA to be a caspase-dependent pathogenic factor.

UVA irradiation of keratinocytes leads to innate immune activation and the secretion of IL-1 and IL-6, important cytokines of the innate immune system (45).

Innate cytokines are known to negatively impact autoimmune diseases (e.g. lupus erythematosus) (46) and were further described as a trigger in the manifestation of pemphigus foliaceus (47). Increased secretion of proinflammatory cytokines upon UV treatment in PV patients has been described previously (48). In our case, the treatment with IgG purified from PV patient sera led to notable changes in expression of the above-mentioned cytokines. Furthermore, UVA irradiation induced the secretion of IL-1α, IL-1β, IL-6 and IL-8 (Figure 1A).

Interestingly, keratinocyte monolayers treated with UVA dissociate in significantly more fragments upon mechanical stress in the presence of anti-Dsg3 IgG compared to monolayers treated with anti-Dsg3 IgG only. We are proposing UVA irradiation with subsequent activation of the innate immune system as a cofactor inducing acantholysis after antibody binding in vitro. These results were confirmed by an ex vivo human skin explant model. Here, UVA also decreased the antibody threshold for anti-Dsg3-mediated acantholysis as the combination of PV antibody and UVA led to acantholysis at a lower antibody concentration compared to untreated skin explants.

Although, UVA cannot entirely explain the occurrence of cutaneous symptoms at the predilection sites (8) as oral mucosa is not exposed to the sun, we detected an obvious impact on acantholysis under experimental conditions. Other exogenous factors related to the activation of the innate immune system may also be pathogenically relevant and should be investigated in further experiments.

Muller et al. argued that the induction of cytokine production by keratinocytes does not contribute to the pathogenesis of PV but are rather induced via a secondary activation of the innate immune system by a disturbed epidermal barrier (49). However, as the level of innate cytokines in the serum as well as in the blister fluid of PV patients obviously reflects the dynamics of the disease process and we observed that UV radiation induced cytokine secretion and enhanced autoantibody-mediated acantholysis, these data indicate that cytokines contribute to diseases activation. Additionally, in clinical remission, the levels of innate cytokines decrease, while the amount of endogenous IL-1 receptor antagonist increases (44). Furthermore, stimulation of PBMC in patients with endemic pemphigus foliaceus resulted in higher IL-1β secretion compared to healthy donors (50). These clinical observations have been supported by experimental data showing that IL-1 receptor (IL-1R) knockout mice were protected from blister formation after the injection of PV serum. While injection of pathogenic IgG autoantibodies against Dsgs into newborn mice induced intraepidermal loss of adhesion, this phenotype is absent in mice deficient for IL-1R type 1, the receptor for IL-1α and IL-1β (10).

The functional network of different caspases and cytokines is closely interwoven, and its complexity is yet poorly understood. Whether IL-1 is the cause or the consequence of increased acantholysis remains cryptic and needs to be addressed in future studies. Based on our findings, we propose an additive effect through activation of the innate immune system on acantholysis. Importantly, under experimental conditions, we characterized the UVA-mediated effect being caspase-dependent because the pan-caspase-inhibitor zVAD-fmk was effective to block the effect of UVA on acantholysis. This is interesting because in previous studies in the same cell line zVAD-fmk did not reduce loss of cell adhesion when PV-IgG was applied in the absence of UVA (51). Thus, the additional effect of UVA may explain why in several mouse models a contribution of caspase signaling to acantholysis was observed (52, 53). Furthermore, desmosomes themselves could also play a role in local modulation of the innate immune system (49).



Concluding remarks

In future studies, the role of the innate immune system as a cofactor in the pathogenesis of PV and the influence of cytokines on desmosomes should be investigated further. Besides the direct effects of innate cytokines, the impact of caspases needs to be elucidated. All in all, we are the first to introduce the local activation of the innate immune system via inflammatory caspases as a possible cofactor in the pathogenesis of auto-antibody-induced acantholysis in PV, which might act as starting point for further studies on disease manifestation of autoantibody-mediated diseases.
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Immune checkpoint inhibitors (ICI) induce T-cell-mediated antitumour responses. While ICI were initially successfully applied in metastasized melanoma, they are now approved for several tumour entities. Numerous autoimmune disorders have been reported to occur as adverse events of the treatment, among them bullous pemphigoid (BP), with less than 1% of the patients experiencing ICI-induced BP. This number is higher than the estimated prevalence of autoimmune bullous diseases in the general population of Germany, which lies around 0.05%. We here describe our cohort of eight patients, who developed a bullous pemphigoid under or shortly after ICI treatment. Half of them had a severe subtype (as shown by BPDAI >57) and showed a median onset of ICI-BP after 10 months of ICI initiation. Six patients had a palmar and/or plantar involvement, while oral involvement occurred in one case. All patients had linear epidermal IgG depositions in split skin in the indirect immunofluorescence. In four out of five biopsies available for direct immunofluorescence, linear IgG and C3 depositions were detected at the basement membrane, while one patient showed linear IgM staining. Moderate to high levels of FLBP180 autoantibodies were found in seven of eight cases. The disease can still be active after ICI discontinuation, while rituximab might be required for remission. Finally, four tumour samples were stained histochemically for collagen XVII (BP180), but no enhanced expression was found.




Keywords: collagen XVII, immunosuppression, autoimmune bullous disorders, skin fragility, melanoma



Introduction

The use of immune checkpoint inhibitors (ICI) has profoundly shaped the treatment landscape for advanced, unresectable or metastatic melanoma in the past decade (1). The anti-CTLA-4 antibody ipilimumab became the first approved ICI agent in 2011 (2). Three years later, further therapeutics were approved, targeting the immune cell surface protein programmed cell death 1-protein (PD-1), to induce cytotoxic T-lymphocyte antitumor response (3–5). Beside melanoma treatment, ICI are in use for numerous tumour diseases, now including further skin cancers, like Merkel cell carcinoma (MCC) and squamous cell carcinoma of the skin (cSCC) (6–8). Data have shown that mortality rates decreased significantly in treated melanoma patients, proving the enormous success of ICI as cancer therapeutics (9). However, in up to 70% of ICI-treated patients a variety of immune-related adverse events (irAEs) of any grade occur, among them colitis, exanthema, hepatitis, endocrine dysfunction and others, which are the result of immune-mediated, toxic inflammatory changes in healthy tissues (10). In some cases, irAEs mimic features of classic autoimmune disorders (11). ICI-induced bullous pemphigoid (ICI-BP), which seems to be immunopathologically indistinguishable from sporadic BP, was found in around 0.6% of 5,636 patients treated for non-melanoma skin cancer (NMSC) or melanoma (12) and in up to 3.8% of 358 patients, who had cutaneous irAE during ICI treatment for melanoma (in total 2,459 patients) (13). Risk factors for BP were age above 70 years and early anti-tumour response (12). Depending on the disease severity of ICI-BP, sometimes there is the necessity for discontinuation of cancer treatment and additional systemic immunosuppression (14). A possible mechanistic explanation for ICI-BP is autoreactive T cells targeting BP180 on tumour cells, but also at the dermo-epidermal junction zone (DEJZ) of the skin. The interaction between PD-1/PD-L1-expressing B cells and PD-1+ follicular helper T cells facilitating humoral responses via B cell germinal centres are also being discussed as underlying mechanisms in ICI-BP (15–17). Contributing factors of altered expressions of BP180 in melanoma (18), aberrant immune response and genetic predisposition (HLA-DQB1*0301 for both melanoma and BP) appear to promote the loss of self-tolerance (19). In this study, we analysed a cohort of eight patients and characterized their BP-associated hemidesmosomal reactivity, along with the disease manifestations and treatment options for ICI-BP.



Methods


Patients

Between 2016 and 2022, we identified and characterized eight patients from the Department of Dermatology, Medical Center-University Freiburg, Germany. All patients were of European origin. In the study, we included patients who developed clinical manifestations of BP during or shortly after ICI treatment, which could be either first- or second-line treatment. The inclusion criteria were as follows: IgG deposition on the blister roof in indirect immunofluorescence on split skin (ssIIF); detection of autoantibodies against full-length BP180 (FLBP180) and/or BP180 NC16A or BP230; and if available a histopathological pattern matching BP and deposition of IgG and/or C3c at the DEJZ in direct immunofluorescence (DIF), according to the German S2k guideline (20). Patients with questionable immunofluorescence or histopathology results or unspecified exanthema were not included in this study. Patient records were analysed for clinical data (sex, age, disease severity based on the Bullous Pemphigoid Disease severity (BPDAI) (21), anticancer treatment characteristics and serological details of BP.



Immunofluorescence

BP was diagnosed by DIF and serological tests, according to national and European guidelines (20, 22). FITC-labelled antibodies used for direct immunofluorescence were anti-human IgG (F0202), IgA (F0204), IgM (F0203) and C3c (F0201) from Agilent Technologies (Santa Clara, CA, USA), at a dilution of 1:200, 1:50, 1:50 and 1:500 respectively. The serological tests included ssIIF diagnostics on 8-µm cryosections of 1 mol/l NaCl split skin of normal human skin. For ssIIF, patient sera were diluted 1:10; the secondary antibody used was FITC-labelled anti-human IgG (F0202, Agilent Technologies, USA) at a dilution of 1:100. For semiquantitative analysis for circulating autoantibodies to the hemidesmosomes, BP230 and BP180 NC16A commercially available ELISA systems (MBL, Nagoya, Japan) were employed. Antibody titres above 9 U/ml are considered positive. ELISA using FLBP180 recombinant proteins was performed as previously described (23), with autoantibody titres above 4.64 U/ml being considered positive. Pictures of stainings were taken with Nikon Eclipse 80i. For visualization, the imaging software NIS-Elements was used.



Immunohistochemistry

Formalin-fixed paraffin-embedded (FFPE) tumour samples were available from four patients (cutaneous SCC, nodal melanoma metastasis, subcutaneous melanoma metastasis, Merkel cell carcinoma), before ICI initiation. Serial sections were cut and stained with haematoxylin and eosin for routine diagnostics. After deparaffinization and head-induced antigen retrieval with citrate pH6 retrieval buffer, immunohistochemical (IHC) stainings were performed. Sections were incubated at room temperature for 1 h with an anti-collagen XVII antibody (Abcam, Cambridge, UK). Sections were analysed using the Dako REAL™ detection system, alkaline phosphatase/RED, Rabbit/Mouse (Dako, Glostrup, Denmark). Pictures of stainings were taken with a microscope Zeiss Axioscope. For visualization, the program AxioVision (Zeiss, Jena, Germany, SE64 release 4.9) was used.




Results


Patient Characteristics and Cancer Diagnosis

All eight patients had a definite diagnosis of BP. Seven patients were men, and their age at onset of BP ranged from 26 to 73 years. Five patients were treated for metastasized melanoma. The other patients presented with Merkel cell carcinoma (n = 1), hepatocellular carcinoma (n = 1) and squamous cell carcinoma of the skin (n = 1). Risk for highly aggressive squamous cell carcinoma in patient #7 was increased, due to the underlying recessive dystrophic epidermolysis bullosa. Six patients had ICI therapy with a PD-1 inhibitor as first-line therapy, while two patients (melanoma) received combined ICI therapy with PD-1 plus CTLA-4 inhibitors (patient #1, 3); both of them showed a complete remission (CR) of the melanoma. Patients #1–3 and #6 suffered from additional irAE during ICI therapy, like autoimmune nephritis (n = 2), hepatitis, hypophysitis and others (for exact patient characteristics, refer to Table 1). All these irAEs had been treated successfully with glucocorticosteroids before occurrence of BP in our patient cohort, so that no immunosuppressive/immunoregulatory treatment was required at time of BP onset. In three patients, ICI treatment was already terminated either due to CR of cancer (#2, 3) or due to progressive disease (#4). ICI was discontinued due to the onset and severity of BP in cases #5–8, and two of them experienced progressive disease (#6, 7).


Table 1 | Patient characteristics and clinical features.





BP180 Immunohistochemistry in Tumour Samples

Four formalin-fixed, paraffin-embedded (FFPE) tumour biopsies were available for immunohistochemistry stainings taken prior to ICI treatment: a cutaneous SCC of patient #7, a subcutaneous melanoma metastasis of patient #3, a nodal melanoma metastasis of patient #4 and the primary Merkel cell carcinoma of patient #6. To evaluate if tumour cells express high levels of collagen XVII (BP180), thus possibly triggering BP by changing the antigen abundance and localization, we stained tumour sections with a recombinant monoclonal antibody against BP180. Normal human skin served as a positive control and showed a physiological intercellular expression of BP180 in the basal keratinocyte layers of the epidermis (Figure 1). Nearly all tumour cells of the cSCC of patient #7 showed a strong expression of BP180, also in keratinocytes above the basal layers. In the subcutaneous melanoma metastasis of patient #3, we found only a few tumour nests showing a weak expression of BP180. Finally, tumour cells of the nodal melanoma metastasis of patient #4 and of the Merkel cell carcinoma of patient #6 were clearly negative for BP180. In the latter, positive BP180 staining was only detectable in parts of healthy adjacent epidermis (Figure 1). Thus, it seems that tumours of non-epidermal/keratinocyte origin do not overexpress BP180 per se.




Figure 1 | Immunohistochemistry staining for collagen XVII (BP180) in malignant tumours of the skin. Using a rabbit monoclonal antibody (Abcam, clone: EPR14758) to collagen XVII (BP180), we stained formalin-fixed paraffin-embedded tissue sections of normal skin and tumour tissue available from a subgroup of our patient cohort. Upper line shows H&E stainings. Lower line shows staining for collagen XVII (BP180). Staining for collagen XVII in normal skin shows a physiological intercellular distribution in the basal layers of epidermal keratinocytes and following the adnexal structures into the deeper dermis. Nearly all tumour cells of the cutaneous squamous cells carcinoma (cSCC) showed strong positive staining for collagen XVII (patient #7). No positive staining was seen in melanoma cells of the nodal metastasis of patient #4 or in the Merkel cell carcinoma (MCC) cells of patient #6. In the latter, positive staining could only be detected in regions of physiological epidermis. Finally, weakly positive staining was found in melanoma cells of a subcutaneous metastasis of patient #3. Scale bar = 100 µm; insert scale bar = 25 µm.





ICI-BP—Clinical Presentation

All patients had a severe, sudden onset of intense pruritus. An evaluation of disease severity with the BPDAI score revealed the following patient groups: a group with mild (two patients), with moderate (two patients) and with severe (four patients) skin involvement. Time of BP onset ranged from 2 to 21 months (median 10 months) after ICI treatment start. Patients #1 and #4 had a non-bullous, pruritic phenotype initially, gradually evolving into urticarial plaques (#1) and tense blisters (#4) in the course of time. The other patients presented with a bullous phenotype at disease onset. Patient #8 was the only one showing involvement of the oral mucosa, additionally to generalized skin blistering (Figure 2). Furthermore, six out of eight patients (75%) had the picture of dyshidrosiform BP with tense blisters of the palms and/or soles. Patient #2 showed milia after healing.




Figure 2 | Clinical presentation of selected patients of the cohort, #1 shows excoriated, haemorrhagic erosions on erythematous ground on the back, #2 shows urticarial plaques with tense blisters on the abdomen, #3 presents with tense and eroded blisters on erythematous ground on the dorsum of the feet and lower leg, #6 shows periungual tense, dyshidrosiform blisters of the digitus I, IV and V and #8 shows tense, dyshidrosiform blisters on the palms of the hands and erosions on the right buccal mucosa.





ICI-BP—Immunofluorescence and Serological Results

All patients had a positive IgG deposition at the blister roof in ssIIF. DIF was performed in five out of eight patients. Four patients had linear IgG and C3 depositions along the DEJZ in DIF. Patient #1 had at the initial presentation IgM depositions at DEJZ exclusively, while serological analysis was negative. Serological analysis performed at a later time point revealed IgG reactivity to BP230, FLBP180 and BP180 NC16A, as shown in Figure 3. Moderate to high FLBP180 autoantibody titres were found in seven cases. Notably, in patient #3 and patient #6 no other autoantibodies were identified. Patients #1–3 had elevated IgE levels, which were above 2,100 kU/l in patient #1. Blood eosinophilia was present in five cases and increased compared to baseline or during ICI treatment at the time of BP diagnosis and was therefore interpreted as BP-associated (Table 2). In patient #3, an increased absolute eosinophil blood count (AEC) was already evident during the last cycles of nivolumab therapy and was timely not related to BP diagnosis.




Figure 3 | Clinical presentation and BP progression of patient #1. Upper left picture (Nov 2017): eroded, haemorrhagic crusts on erythematous ground, which changed to urticarial plaques in June 2018 (upper right picture), when BP180 NC16A ELISA became positive. Direct immunofluorescence (lower left picture) with linear IgM n-serrated deposition at DEJZ of patient #1. Serological course of patient #1: initial positivity of BP230, followed by FLBP180 and BP180 NC16A in the course of time. Serological remission after therapy with rituximab in February 2019.




Table 2 | Immunofluorescence characteristics of the ICI-BP cohort—some of these samples were taken at different time points or at disease maximum.





BP Treatment

All patients were treated with topical clobetasol propionate and systemic glucocorticosteroids for several weeks (prednisolone up to 1 mg/kg body weight (BW), followed by tapering according to the EADV/EDF guideline recommendations). In four patients (#1, 2, 4, 5) with at least moderate disease (BPDAI ≥20), additional dapsone therapy with up to 100 mg per day was initiated, leading to BP remission in two of them.

For the remaining two patients with treatment resistance to glucocorticosteroids combined with dapsone, treatment with rituximab was decided. Patient #8 initially refused systemic treatment, desiring only mild immunomodulatory therapy. However, low-dose prednisolone together with doxycycline 200 mg per day showed no sufficient effect. In patients #1–7, clinical and serological remission was achieved after 2 to 19 months of disease duration (median: 8 months).




Discussion

We identified eight patients who developed ICI-BP in 2016 to 2022 in a single centre in Germany. Our data confirm the rarity of ICI-BP with a reported incidence of 1.5% in 533 institutional ICI treatments during this period. This number is definitely higher than the prevalence of 0.05% for bullous autoimmune diseases in Germany (24).

In our cohort, the onset of BP ranged from 2 to 21 months (median 10 months) after start of ICI treatment. In another recently published German multicentre study with 12 patients, BP occurred between 3 and 74 weeks (median 23 weeks) which is half the time in our cohort (14). Since both patient cohorts are rather small, more studies are required to define the median time of BP onset.

Cutaneous irAEs of any kind usually manifest within the first month of ICI therapy, but they can develop at any time of treatment or even after stopping therapy (25). Linear, epidermal IgG depositions were present in all of our patients in the ssIIF, while DIF showed linear IgG and C3 staining at DEJZ in four patients and was not performed in three patients. Intriguingly, in patient #1 we observed an IgM deposition with a clear n-serrated pattern along the DEJZ in DIF, as an initial immunological reaction. At first, IgM deposits could not be assigned to BP diagnosis, since ssIIF and commercial IgG ELISA were negative. The subsequent clinical and serological course confirmed the diagnosis of BP with gradual epitope spreading and identification of IgG deposits. Thus, the initially identified IgM deposits were possibly part of a prodromal stage of BP. We stained both IgG1 and IgG4 in the patient’s initial skin biopsy, since both have been reported to be important for BP induction, with or without need of complement fixation, respectively, but they were negative in our case (26). The first cases of IgM pemphigoid were published recently (27); however, the pathogenicity of IgM autoantibodies remains controversial. In the aforementioned article, IgM immunoreactivity was detected through immunoblot diagnostics against fragments of the C-terminus of the ectodomain (Col17ec3) of collagen XVII in three patients. Ex vivo complement fixation tests showed the inability of IgM autoantibodies to activate complement, which is considered to be the main pathogenetic mechanism in BP (27). Patient #8 of our cohort showed a linear IgM deposition besides IgG and C3 at the DEJZ, which has been also described in up to 17% of BP patients investigated by Moriuchi et al. (28, 29). In a patient with exclusive IgM staining at DEJZ, detailed super-resolution imaging detected deposits close to the NC1 domain of collagen VII, suggesting once more that IgM antibodies possibly target the C-terminus of BP180 (28). Clinical manifestations included papules or urticarial lesions, without blisters or mucosal involvement. Our patient #1 did not have any blisters as well. Clinically we found eroded, haemorrhagic and crusted plaques and an increased inflammatory reddish ground on the whole skin (Figure 3). Interestingly, it was evident in our cohort that the majority of the patients had a palmoplantar manifestation. Patient #6 had exclusively periungual blisters. Dyshidrosiform pemphigoid is a unique type of BP resembling dyshidrotic eczema. This type of BP can be drug-related, and bullae may subsequently spread to the whole body (30). It also has been found related to ICI treatment in another case (31). It would be interesting to further assess the relevance for IgM autoantibodies, specifically in ICI-BP.

In sporadic BP, usually the autoantibodies target BP230 and in 90% of cases the juxtamembranous extracellular NC16A domain (32). In a multicentre study, autoantibodies against NC16A were observed at the initial stages of the disease, followed by epitope spreading in some cases (33). The role of epitope spreading was specifically examined in BP induced by prolonged use of dipeptidyl peptidase-4 inhibitors (DPP4i) (34). The detection of FLBP180 autoantibodies has been described in a non-inflammatory, mild BP phenotype, frequently associated with DPP4i treatment for type 2 diabetes (23, 34). Patient #1 is exemplary for the epitope spreading with an initial negativity of BP180 NC16A, which became positive during BP exacerbation and the continued therapy (Figure 3). Patients #3 and #6 had FLBP180 autoantibodies exclusively, notably with diverse clinical manifestations. None of the patients in our cohort took DPP4i. BP180 (collagen XVII) is a hemidesmosomal transmembrane glycoprotein, expressed in basal keratinocytes. BP180 is down-regulated in mature keratinocytes, when they migrate through the upper layers of the epidermis, but is found reexpressed in SCCs indicating dedifferentiation (18, 35). In head and neck squamous cell carcinoma (HNSCC), an increased BP180 expression was associated with a more aggressive cancer type and a poorer outcome (36). Interestingly, BP180 has been shown to be expressed in malignant, but not in benign, melanocytic tumours and it can mediate antibody-induced melanoma apoptosis (18). In two out of five melanoma patients in our cohort, tumour tissue was available for IHC staining for BP180 expression. We could only detect a weak BP180 staining in some tumour nests of a subcutaneous melanoma metastasis, whereas no melanoma cells of a nodal metastasis showed positivity. No BP180 staining was observed in the Merkel cell carcinoma cells. Although we could not confirm strong BP180 staining in melanoma cells, the sample size was too low to draw a conclusion. Further studies with larger sample sizes should clearly address this issue. Finally, a strong BP180 expression was detected in nearly all cells of our SCC patient. The high expression may be in line with the moderately differentiated phenotype and the clinically big tumour size, indicating a more aggressive cancer as shown in HNSCC (36). Whether increased BP180 expression in skin tumours might trigger induction of ICI-BP remains to be further investigated.

irAEs require early detection and appropriate intervention, considering their impact on patients’ morbidity rather than mortality. For frequent irAEs, organ system-based management algorithms have been developed depending on the grade of severity (11). ICI-BP should be treated according to the guidelines for spontaneous BP, which includes highly potent topical glucocorticosteroids for mild to moderate diseases, combined with a systemic treatment in severe cases (20). Treatment strategies which do not directly inhibit antitumour-specific T cells are certainly favoured to avoid inhibition of the antitumour effect of the ICI. A systemic therapy for BP is recommended to be initiated with a dose of 0.5 mg per kg per day of prednisolone equivalent, potentially in combination with adjuvant immunosuppressive/immunomodulatory therapy, like dapsone or doxycycline. Immunosuppressive therapies with agents like azathioprine or mycophenolate mofetil are controversial, because strong and long-lasting immunosuppression may trigger tumour progression leading to a reduced overall survival (37–39). We started topical and oral glucocorticosteroids and dapsone in four out of eight patients, but therapy had to be extended to rituximab in two cases (Figure 4). Sowerby et al. have reported a case of nivolumab-induced BP, which was completely resolved after four doses of rituximab 375 mg/m2 once weekly (40). Winkler et al. published a case series of seven patients with metastasized melanoma, which were treated individually with rituximab after prior insufficient response to standard-of-care treatment. Five patients achieved stable disease, and two patients showed tumour progression (41). In both our patients, BP resolved quickly after rituximab administration and serological activity ended after 12 months. Methotrexate (MTX) use sometimes seems controversial. In general, it may be of use in the treatment of sporadic BP as a steroid-sparing agent and may be considered as a first-line treatment for ocular mucous membrane pemphigoid (20). MTX is approved to be used in the treatment of acute lymphocytic leukaemia and other types of solid cancer (brain tumours, breast cancer, lung cancer, lymphomas, esophagogastric carcer, local osteosarcoma, prostate and bladder cancers) (42). Shi et al. treated five of 14 ICI-BP patients in their cohort with MTX in variable doses (7.5 to 25 mg per week) with a good response in three of them (13). Dupilumab therapy has been recently proposed for sporadic BP and is currently being investigated in a multicentre phase III study; thus, it might also be useful for ICI-BP (13, 43).




Figure 4 | Clinical course of patient #1: Disease onset of melanoma in 2013, axillary lymph node macrometastasis in 2015, pembrolizumab initiation in 2016 because of cerebral metastasis, onset of pruritic exanthema in the end of 2017 and diagnosis of BP in 2018.



The increase of the AEC in peripheral blood has been reported to be a positive predictive immune marker in advanced melanoma patients, probably due to facilitated T-cell recruitment (44, 45). Treatment with CTLA-4 inhibitors alone or PD-1 inhibitors in combination with intralesional interleukin-2 in melanoma patients may lead to an AEC increase, associated with improved progression-free and overall survival (44, 45). Peripheral eosinophilia has been reported in 50%–60% of patients with BP and correlated positively with disease severity (46, 47). Thus, it is conceivable that ICI-BP may positively correlate with tumour response, as observed in two of our patients. Others had progressive disease (patient #7, SCC) or partial response (patient #5, MM) but with fewer treatment cycles.

ICI-BP has been described as an adverse event of the treatment, as similarly shown for other drugs DPP4i-associated BP/drug-associated BP. It is conceivable that the occurrence of BP in cancer patients may not only be triggered by ICI treatment, since higher age and neoplasia have also been shown to be associated with higher BP incidences (17, 48). Nonetheless, in a monocentric study with 260 patients with metastatic melanoma treated with BRAF inhibitors, none of them developed BP (49, 50). This is an indicator for the causal role of ICI in BP occurrence. Examination of the causality of ICI for BP induction with in vitro approaches is still missing. Prospective data for hemidesmosomal autoantibodies in cancer patients prior to ICI are also not available; a cohort study addressing the relevance of pretreatment autoantibodies using ELISA and IIF would be of interest. In addition, the risk for BP increases with age; in a German healthy blood donor study with 7,063 plasma samples, 0.88% of sera reacted to desmosomal and/or hemidesmosomal structural skin proteins in indirect immunofluorescence, with predominant detection of BP180 NC16A (0.52%) over BP230 (0.04%) autoantibodies with commercial ELISA tests (51). These patients had no clear clinical signs of BP, but the question remains, whether they have a higher predisposition to develop the disease eventually.

Whether specific patients are more prone to develop ICI-BP is also still elusive. In pemphigus, the recognition of self-peptides in association with distinct HLA class II alleles by antigen-activating T cells has been suggested to be central for loss of immunological tolerance. In that sense, peptide-MHC class II multimer technology approaches may be able to detect and monitor autoreactive CD4+ T cells in patients, before ICI treatment and when BP lesions occur (52). It would be worth considering to use the abovementioned in vivo and in vitro approaches to identify patients at risk and treat them as early as possible.

So far, only bullous dermatosis and not ICI-BP is listed in the CTCAE, version 5.0. Our data clearly suggest that patients who experience an abrupt onset of pruritus, combined with exanthematic (eczematous, urticarial, excoriated) or bullous eruptions, should be screened early with BP-specific diagnostics. Topical glucocorticosteroids are sufficient in mild cases, but additional immunosuppressive agents are frequently required, while rituximab represents a good treatment option for severe cases.
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Skin blistering disorders are associated with inherited defects in proteins involved in the dermal-epidermal adhesion or autoantibodies targeting those proteins. Although blistering in hereditary epidermolysis bullosa (EB) is pathogenetically linked to genetic deficiency of distinct proteins of the epidermis or the dermal-epidermal junction, circulating autoantibodies against these proteins have also been identified in EB patients. So far, autoantibodies have been considered bystanders in EB and active pathogenicity of them in EB has not been disclosed. In sera of a cohort of 258 EB patients, we found by ELISA in 22% of the patients autoantibodies against the bullous pemphigoid antigen BP180. The titers correlated negatively with collagen VII skin expression and positively with disease severity. Among those patients, we identified six (2.33%) with clinical features of an autoimmune bullous disorder (AIBD) and positive indirect immunofluorescence (IIF) staining. In literature, we found four more cases of EB patients developing disease-aggravating AIBD. Co-existence of these two rare skin disorders suggests that EB patients have a predisposition for the development of AIBD. Our work highlights that EB patients with increased itch or blister formation should be evaluated for additional AIBD and repeated screening for changes in autoantibody titers and skin-binding specificities is advised.




Keywords: autoimmune bullous disease, skin blistering, collagen VII, BP180, PD-1 inhibitor, epidermolysis bullosa



Introduction

Skin blistering diseases result from deficiency of proteins essential for the stability of the dermal-epidermal junction (DEJ). Multiple causes exist, such as genetically induced deficiency or autoantibodies targeting these proteins (1). Hereditary epidermolysis bullosa (EB) is a group of disorders, defined by mechanically induced skin blistering (2). In autoimmune bullous diseases (AIBD) autoantibodies against adhesion proteins of the skin, here collectively called “anti-skin autoantibodies”, cause skin fragility, typically accompanied by itch (3). Anti-skin autoantibodies have been found in EB, but they are considered a secondary event, as they appear to not bind to the respective skin structures (4–6). Here, we investigated sera of 258 patients with EB simplex (EBS), junctional (JEB) or dystrophic (DEB) by ELISA for autoantibodies against BP180, the antigen in the most common AIBD, bullous pemphigoid (BP) (3).



Materials and methods

In this retrospective analysis, 258 patients with molecularly-confirmed hereditary epidermolysis bullosa were included. Sera were collected from all patients during routine controls and commercial BP180 ELISAs were performed. Six patients presented with clinical features of autoimmune blistering disease. Thus, their sera were additionally used to perform indirect immunofluorescence (IIF) on human salt-split skin, western-blots and commercial BP230 - and collagen VII ELISAs. Serum from one patient was further analyzed for desmoglein 1 and 3 and desmocollin 1, 2 and 3. From one patient a skin biopsy was taken from perilesional skin to perform direct immunofluorescence (DIF). DIF, IIF, commercial BP180 NC16A ELISAs (MBL, Nagoya, Japan), BP230 (MBL, Nagoya, Japan), collagen VII ELISAs (Euroimmun, Lübeck) and desmoglein 1 and desmoglein 3 ELISAs (MBL, Nagoya, Japan) were performed in the Department of Dermatology, University of Freiburg. Specialized anti-desmocollin 1, 2 and 3 IgA and desmoglein 1 and 3 IgA immunoblots were performed in the Department of Dermatology and Allergology, Philipps-Universität Marburg as previously described by Müller et al. (7). Patient material was collected and analyzed in accordance with the Declaration of Helsinki and after Ethics Approval (number 452/18). Patients gave informed written consent to the use for research and publication of their laboratory and clinical data, as well as clinical images.



Results

Around 5.3% (1/19) of EBS, 25.0% (2/8) of JEB and 23.4% (54/231) of DEB patients had high BP180 autoantibody titers, corresponding to those in BP. The titers correlated with EB severity, with 52,8% (38/72) of patients with severe recessive DEB (sRDEB) having BP180 titers above the threshold (Figure 1). Notably, in six patients with different EB subtypes, the BP180 autoantibodies correlated with clinical and serological manifestations of AIBD. In two cases, the disease developed after PD-1 (programmed cell death protein 1) inhibitor treatment (PD1i) for a metastasized or inoperable squamous cell carcinoma (SCC). PD1i are known to cause immune-related adverse events, which can actually manifest as AIBD (8). All 6 patients showed deterioration of the skin condition, manifesting as worsening of blister formation and/or itch and positive IIF, suggesting AIBD.




Figure 1 | Anti-BP180 autoantibody titers of the patients in our EB-cohort. Anti-BP180 autoantibodies were detected by BP180 NC16A ELISA in patient sera. The red line indicates the upper limit norm level of 9 U/ml. EBS, EB simplex; JEB, junctional EB; DDEB, dominant dystrophic EB; RDEB, recessive dystrophic EB.



A thorough literature review identified four additional cases, in which EB patients did also develop AIBD (Table 1 patient 7-10). Below, the patients of our EB-cohort with clinical features of AIBD and patients with EB and AIBD from the literature are briefly described; additional information is available in Table 1.


Table 1 | Patients with EB and AIBD described in this study and in the literature.




Spontaneous AIBD in the cohort of this study

The 61-year-old patient 1 with severe EBS caused by a heterozygous keratin 5 mutation (9) suddenly suffered from intensified itch and formation of tense blisters on legs, arms and trunk in contrast to her usual acral predilection sites (Figure 2A). BP diagnosis was confirmed by histopathology, direct immunofluorescence (DIF) (Figure 3A) and indirect immunofluorescence on salt-split skin (ss-IIF) (Figure 3B) as well as detection of anti-BP180 autoantibodies per immunoblot.




Figure 2 | Clinical pictures of the patients with EB and AIBD described in this study: (A–F): Patients present with tense blisters, erosions and ulcerations simultaneously, which are characteristic for both, EB and AIBD. Therefore, conclusive clinical differentiation is challenging. (A) patient 1, (B) patient 2, (C) patient 3, (D) patient 4, (E) patient 5 under therapy with programmed cell death protein 1 inhibitor (PD1i) and (F) patient 6 under therapy with PD1i.



The 4-year-old patient 2 with EBS presented with increased itching and worsened skin fragility with up to 20 new tense blisters daily (Figure 2B). Ss-IIF (Figure 3C) and elevated BP180 autoantibody titers were consistent with BP diagnosis.

Patient 3 was a 9-year-old boy with intermediate RDEB. He was already severely affected but experienced a sudden intensification of itch and development of tense blisters, mainly at the trunk (Figure 2C). BP diagnosis was confirmed by ss-IIF (Figure 3D) and elevated anti-BP180/BP230 autoantibody titers.

The 14-year-old patient 4, diagnosed with sRDEB, suffered from increasing itch, increased wound burden and formation of tense blisters in the face (Figure 2D). Ss-IIF (Figure 3E) and high BP180 and BP230 autoantibody titers revealed the diagnosis of BP.



PD1i-therapy associated AIBD in the cohort of this study

The 39-year-old patient 5 with sRDEB received PD1i therapy for an inoperable SCC at his right hand. His wound burden increased steadily over time (Figure 2E). The patient denied intensified itch, but treatment with cannabinoids for cancer-related pain was introduced simultaneously. Ss-IIF (Figure 3F) and elevated anti-BP180/BP230 autoantibody titers were compatible with BP.

The 26-year-old patient 6 with sRDEB had been diagnosed with multiple SCCs in the past and received PD1i treatment for his lymph node metastases. A few weeks after PD1i initiation, he suffered from a sudden increase of wound burden (Figure 2F) and severe itch. IgG autoantibodies against BP180, BP230 and collagen VII were detected by ELISA, there was no IgG deposition in IIF. However, ss-IIF revealed IgA at the blister roof (Figure 3G)  and IIF on monkey esophagus showed intercellular IgA deposition. Immunoblotting with keratinocyte extracts revealed IgA-autoantibodies against collagen VII and BP230. In addition, IgA-autoantibodies against desmoglein 3, desmocollin 2 and desmocollin 3 were detected. Occurrence of autoreactive IgA antibodies binding to DEJ proteins are compatible with linear IgA bullous dermatosis, and the cell surface pattern on monkey esophagus indicates epitope spreading. SS-IIF stainings from all patients were comparable to ss-IIF positive controls with IgG staining (Figure 3H) or IgA staining (not shown) on the epidermal site of the split and clearly distinguishable from negative controls without IgG staining on the epidermal site of the spilt (Figure 3I).




Figure 3 | Immunofluorescence results. (A) DIF of patient 1 shows discrete linear deposition of IgG at the DEJ (white arrows); (B–F): ss-IIF show IgG staining on the epidermal side of the split, indicated by white arrows (B) = Pat. 1, (C)= Pat. 2, (D) = Pat. 3, (E) = Pat. 4, (F) = Pat. 5); (G) ss-IIF IgA shows IgA staining on the epidermal side of the split (white arrows); (H) ss-IIF IgG positive control with IgG staining on the epidermal side of the split, indicated by white arrows; (I) ss-IIF IgG negative control without IgG staining on the epidermal side of the split, indicated by white arrows. The IgA positive control was comparable to the staining in (H) (not shown).





Patients with EB and AIBD described in the literature

Perez et al. (10) describe a 56-year-old patient (Table 1, Patient 7) with a clinically diagnosed intermediate junctional epidermolysis bullosa, who suddenly developed spontaneous blisters, in addition to mechanically inducible blisters and nail dystrophy, which he had his lifelong. DIF, ss-IIF and the detection of autoantibodies against BP180 by ELISA were compatible with the diagnosis of BP.

Fania et al. (11) reported a 32-year-old patient (Table 1, Patient 8) with generalized intermediate junctional epidermolysis bullosa and sudden development of a rash with vesiculobullous and excoriated lesions, accompanied by severe itch. The diagnosis of BP was confirmed by DIF, positive ss-IIF and detection of BP180 autoantibodies by western blot and ELISA.

Guerra et al. (12) describe a 32-year-old patient (Table 1, Patient 9) with “nails only” RDEB, who presented with mechanically induced blisters and oral erosions at the age of 26. DIF, ss-IIF and the detection of collagen VII autoantibodies confirmed the diagnosis of epidermolysis bullosa acquisita (EBA).

Hayashi et al. (13) reported a 63-year-old patient (Table 1, Patient 10) with mild DDEB and sudden development of blisters, erosions and scars all over her body, including the oral mucosa. The diagnosis of EBA was approved by DIF, ss-IIF and anti-collagen VII autoantibodies detected by western blot.




Discussion

Occurrence of circulating anti-skin autoantibodies in EB patients appears to be frequent, but usually DIF and IIF are negative (4-6, 14, 15). So far, the association of inherited EB and AIBD had been reported in four (Table 1, patients 7-10) and we describe six further cases (Table 1, patients 1-6).

With 2.33%, the AIBD prevalence in our large EB cohort was considerably higher than the estimated AIBD prevalence of 0.05% in the general population of Germany (16). The rarity of these diseases and the BP onset at remarkably young age in 6/10 cases, considering the mean age of 80 years for BP onset in the general population (16), suggests that EB patients have a predisposition for the development of AIBD.

It remains elusive, how autoantibody formation occurs in EB, and why only in some patients (1). Molecular mimicry between foreign (e.g. bacterial or viral antigens) and self-proteins could trigger autoantibody formation (17). In EB, chronic impairment of skin barrier results in constant exposure to bacteria, making molecular mimicry likely to occur (4). Alternatively, genetic variants in skin proteins could enhance the immunogenicity of the self antigens, favoring the activation of self-reactive B cells (12), as we recently also showed in patients with EB acquisita (18). Genetically altered DEJ proteins could also contribute to autoimmunity, by causing endoplasmic reticulum stress and activation of the unfolded protein response (11). Existence of several anti-skin autoantibodies in one EB patient as already reported (4) and shown in four of our patients, could be explained by epitope spreading (19). Development of secondary epitopes in AIBD could be provoked by release of cryptic epitopes due to chronic tissue damage, caused by the response against the dominant epitope (19). In EB, this could be the consequence of tissue damage arisen by the genetic defect (4, 18).

All these mechanisms may contribute to generation of self-reactive antibodies, but they do not explain their inconsistent pathogenicity, with a clinical picture of AIBD developing only in selected patients. Factors determining pathogenicity of autoantibodies include antigen specificity, immunoglobulin isotype and the glycosylation/sialylation patterns of their Fc-regions (20). The development of AIBD in two sRDEB patients after PD1i treatment, which had non-pathogenic anti-skin autoantibodies before, is an indication that additional changes in the immune system, including T cell activation, are necessary to induce the final break of tolerance.

Our study is limited by the lack of an age- and sex matched healthy control group. However, in a large cohort of 7036 healthy individuals, Prüßmann et al. found anti-skin autoantibodies in only 0.88%, with anti-BP180 autoantibodies being the most common with 0.52% (21). Thus, the prevalence of anti-BP180 autoantibodies in our EB cohort was 42 times higher than in the general population. Another weakness is that further evaluation of the antibodies’ pathogenicity was only performed if clinical criteria (worsening of blister formation, intensified itch) pointed towards an AIBD. Since IIF staining was not performed systematically for all patients, we cannot exclude that even more patients of our cohort actually have binding anti-skin antibodies. Finally, our study is restricted by the lack of DIF in most patients, who refused having biopsies of their inflamed and wounded skin. Thus, AIBD diagnosis was based on clinical and serological criteria.

This work highlights that if an EB patient develops symptoms such as increased itch and blister formation, involvement of autoantibodies to these disease manifestations should be considered. AIBD under PD1i can be variable and very mild (8), thus clinical diagnosis is difficult. If AIBD is suspected in an EB patient, IIF or DIF should be performed to test skin-binding specificity of the detected autoantibodies. Treatment is challenging, since immunosuppression is contra-indicated in JEB and DEB with risk for development of highly aggressive SCCs (22), but a better understanding of B cell involvement could provide new therapeutic targets.
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Case report: bullous pemphigoid development underlies dystrophic epidermolysis bullosa disease worsening
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Autoimmune response to cutaneous basement membrane components superimposed on a genetic skin fragility disease, hereditary epidermolysis bullosa (EB), has been described, but its effects on disease course remain unclear. We report a 69-year-old individual with congenital skin fragility and acral trauma-induced blistering that had suddenly worsened with the onset of severe itch and diffuse spontaneous inflammatory blisters. Next-generation sequencing identified compound heterozygous null and missense COL7A1 mutations, allowing the diagnosis of recessive dystrophic EB. However, the patient’s clinical history prompted us to investigate whether he might have developed a pathological autoimmune response against basement membrane components. Tissue-bound and circulating IgG antibodies to the major bullous pemphigoid (BP) antigen, BP180, were detected in the patient’s skin and serum, respectively, consistent with a diagnosis of BP. Corticosteroid therapy was initiated resulting in remission of BP manifestations. EB patients presenting rapid disease worsening should be investigated for the development of a concomitant autoimmune blistering disease.
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Introduction

Hereditary epidermolysis bullosa (EB) is a clinically and genetically heterogeneous group of disorders characterized by skin and mucous membrane fragility leading to trauma-induced blistering (1). Four major EB types are recognized based on the level of blister formation: EB simplex (EBS), typified by cleavage in basal keratinocytes; junctional EB (JEB) and dystrophic EB (DEB), characterized by separation within the lamina lucida and below the lamina densa of the cutaneous basement membrane zone (BMZ), respectively; and Kindler EB, where multiple cleavage levels are typically observed (2). Sixteen EB causative genes, mainly encoding structural proteins that ensure epithelial–mesenchymal adhesion, have been identified to date. Specifically, mutations in basal keratins 5 and 14, the hemidesmosomal plakins BP230 (dystonin) and plectin, underlie different EBS subtypes, while JEB is due to mutations in genes encoding the transmembrane hemidesmosomal proteins BP180 (collagen XVII) and integrin α6β4 as well as the epithelial laminin-332 chains. However, mutations in a single gene, COL7A1, encoding type VII collagen (C7), the major constituent of anchoring fibrils, are responsible for both dominant and recessive DEB, which is characterized by a wide spectrum of disease phenotypes ranging from localized forms, with acral skin lesions and nail dystrophies only, to severe variants with generalized mucocutaneous involvement, chronic ulcers, mitten deformities, and early onset of aggressive squamous cell carcinomas (1, 2).

Pemphigoid diseases are a group of subepithelial autoimmune blistering conditions affecting the skin or mucous membranes and typified by circulating and tissue-bound autoantibodies directed to BMZ components, the same proteins mutated in inherited EB (3). The commonest form is bullous pemphigoid (BP) caused by autoreactivity against BP180. Pathogenicity of anti-BP180 autoantibodies implies the formation of subepidermal blisters occurring within the lamina lucida of the cutaneous BMZ, the same cleavage plane of JEB (4).

Though having a distinct etiopathogenesis from pemphigoid diseases, recessive dystrophic EB (RDEB) presents immunological alterations, which may be related to anomalies of both innate and adaptive immune systems (5). In fact, deficiency of matrix proteins like laminin-332 and C7, in both thymus and lymph nodes, could affect T- and B-cell education (5). Moreover, C7 deficiency in secondary lymphoid organs makes skin and wounds of patients more susceptible to bacterial infections and dysbiosis, which could interfere with wound healing and trigger inflammatory cytokine production (5, 6). In this context, it has been reported that especially RDEB patients have high levels of proinflammatory cytokines (7). In addition, a large fraction of DEB patients (>70%) naturally develop circulating autoantibodies against BMZ proteins, as detected by ELISA and/or immunoblotting assays [(antibody titer between 9 and 96 U/ml for BP180 antigen and between 11 and 40 U/ml for BP230, using MBL ELISA kit, Nagoya, Japan; cutoff value 9 U/ml for both antigens; 40% is the proportion of patients with at least one positive BP180/230 antigen test (see reference 11)] (8–11). However, almost all of these patients lack the major immunodiagnostic criterion for an autoimmune bullous disease, i.e., a linear deposition of immunoglobulins and/or complement along the dermal-epidermal junction, as detected by direct IF. Moreover, their circulating autoantibodies do not bind to human skin, as detected by indirect immunofluorescence. Of note, autoreactivity to BMZ components has not been associated with changes in DEB clinical manifestations, and thus its role in disease course remains debated (8–11). Herein, we report an adult individual affected by localized RDEB who experienced a rapid worsening of his skin manifestations due to the development of BP.



Case report

Our proband was a 68-year-old man born to healthy non-consanguineous parents, with a life-long history of trauma-induced blisters mainly affecting the extremities, in the absence of mucosal involvement. The lesions healed with residual skin atrophy and milia formation. Mild toenail dystrophy was also present. EB was diagnosed in childhood. Skin fragility improved starting from adolescence with blistering almost exclusively localized to knees, elbows, pretibial areas, and hands and feet. The patient was referred to us at age 68 due to worsening of his skin fragility and blistering, accompanied by the onset of generalized severe itch in the last 1.5 years. He reported that disease changes manifested shortly after major emotional stress related to an episode of upper airway obstruction that happened to his wife. Physical examination revealed numerous blisters, erosions, and crusts surrounded by erythematous skin (Figures 1A, B). The lesions were diffusely distributed over the trunk, legs, and arms. In addition, he presented atrophic skin scarring with milia over elbows, knees, hand, and foot dorsa and toenail dystrophy. Perilesional skin biopsies for IF antigen mapping and electron microscopy were performed. IF mapping showed a slightly reduced expression of C7, which was localized to the roof in areas of dermal–epidermal detachment (Figure 2A). The expression of major BMZ protein components (integrin α6β4, BP180, and laminin-332) was comparable to that of control skin and also localized to the roof of the cleavage (not shown). Ultrastructural examination showed a reduced number of hypoplastic anchoring fibrils, which mostly lacked cross-banding (Figure 2B). To investigate the possibility of a superimposed autoimmune blistering disorder, direct IF (DIF) was also performed. It showed a continuous linear deposition of IgG along the BMZ (Figure 3A). Subsequent testing of the patient’s serum by indirect IF on salt split skin (IIF-SSS) revealed linear IgG along the roof of separated skin at a titer of 1:40 (Figure 3B). Moreover, commercial ELISAs based on BP antigens, BP180 and BP230 (MBL kit)), were positive (35.7 U/ml) and negative (0.9 U/ml), respectively. A commercially available ELISA for C7 (Euroimmun, Padua, Italy; cutoff value 20 UR/ml) proved negative (0.6 UR/ml). In parallel, the molecular diagnosis was obtained by massive parallel sequencing of the patient’s genomic DNA with an exome panel approach (TruSight One expanded, Illumina, San Diego, CA, USA). Datasets retrieved from the 16 EB genes revealed two variants in COL7A1: c.3G>T and c.8054G>C (Figure 2C, top and middle panels). The former is a known pathogenic mutation resulting in the start codon loss p.Met1?; the latter causes the missense change p.Arg2685Pro affecting the Y position of a Gly-X-Y triplet of the collagenous domain (12). Mutations were screened in the two healthy patient’s sons, each of whom was found to carry one of the two variants. The p.Arg2685Pro has not been previously published in the literature and is a known variant (rs886058630) found at the heterozygous state with an allele frequency ranging from 0.002% and 0.003% (TOPMed and gnomAD source). It was considered likely pathogenic according to American College of Medical Genetics and Genomics (ACMG) guidelines as i) it is located in a known functional protein motif/domain (PM1), ii) it is found at an extremely low frequency (PM2), iii) it is detected in trans with a known (p.Met1)? pathogenic variant (PM3), and iv) computational evidence (SIFT, PolyPhen, Mutation Taster, FATHMM, MetaLR, and REVEL) supports a deleterious effect on the gene product (PP3) (13). Reverse transcriptase (RT)-PCR analysis of the mRNA extracted from patient keratinocytes identified molecules transcribed only from the c.8054C allele (Figure 2C, bottom panel). This finding demonstrated that the mutation c.3G>T (p.Met1)? on the other allele strongly affects the mRNA biogenesis and/or stability, while the c.8054G>C change does not.




Figure 1 | Clinical findings. (A, B) Patient clinical presentation at age 68 following disease worsening: blisters, erosions, and crusts with an erythematous halo are scattered on the back and thorax. Note linear erythematous lesions (arrowheads) on the lateral thorax in (B) due to scratching. (C, D) Clinical manifestations at age 69 when the patient was on bullous pemphigoid (BP) remission under minimal corticosteroid therapy. Note the absence of active lesions on the trunk, while skin erosions and atrophic scarring with milia, typical of localized recessive dystrophic epidermolysis bullosa, are visible on elbows.






Figure 2 | Immunofluorescence antigen mapping, and ultrastructural and molecular genetic findings. (A) Labeling intensity for type VII collagen is reduced in the patient’s skin (bottom panel) as compared to control skin (top panel). Bar = 40 µm. (B) Ultrastructural examination shows a few, hypoplastic anchoring fibrils (arrowheads) inserting onto the lamina densa of the cutaneous basement membrane zone in patient’s skin. Bar = 1 µm. (C) Detection of the c.3G>T (top panel) and c.8054G>C (middle panel) compound heterozygous mutations by Sanger sequencing of the patient’s genomic DNA (gDNA). The sequence of the complementary DNA (cDNA) across the c.8054G/C nucleotide position is also shown (bottom panel). Note that only transcripts carrying the c.8054C variation are detected.






Figure 3 | Direct and indirect immunofluorescence findings. (A) Linear deposit of IgG along the dermal–epidermal junction by direct immunofluorescence on patient’s perilesional skin. In the magnified inset, the ‘n’ serrated pattern further supports the bullous pemphigoid diagnosis. (B) Indirect immunofluorescence on salt-split skin with patient’s serum shows IgG binding to the roof of the split (white arrows). Bar = 40 µm.



Based on the clinical and laboratory findings, a diagnosis of RDEB with concomitant BP was made. Therefore, prednisone treatment for BP at 0.6 mg/kg/day was started, resulting in BP disease control within 1 week, followed by gradual tapering. The patient is currently in remission for BP with minimal steroid therapy (10 mg/day) (Figures 1C, D).

The timeline of the patient’s clinical history, diagnostic steps, and BP treatment is summarized in Figure 4.




Figure 4 | Timeline of patient’s clinical history, and diagnostic and therapeutic steps.





Discussion

Here, we report a patient with RDEB presenting a peculiar disease course owing to the onset of BP. Compound heterozygosity for p.Met1? and p.Arg2685Pro mutations in COL7A1 are in line with the immunomapping and ultrastructural findings and conform to the genotype–phenotype correlation rule for localized RDEB (2). The p.Met1? is a null variant that has been previously reported in patients with absent C7 and severe RDEB in combination with frameshift mutations (12). The p.Arg2685Pro allows for stable mRNA transcripts and protein synthesis, as documented by RT-PCR and immunofluorescence analysis. This latter variant has not been previously published and was classified as likely pathogenic according to ACMG (13). Functionally, the p.Arg2685Pro substitution affects a Gly-X-Y repeat of the collagenic domain; thus, it is predicted to perturb C7 triple helix assembly and/or stability.

Autoimmune bullous diseases have been previously reported in extremely rare cases of hereditary EB, including two cases of DEB who both developed EB acquisita (EBA), which is typified by circulating and tissue-bound autoantibodies against C7 (14, 15). Our patient is the first example of BP occurring in RDEB. These three cases share a similar degree of DEB severity, which, before autoimmunity onset, was at the milder extremity of the disease phenotypic spectrum. Indeed, COL7A1 mutations found in each of them predicted a mild and steady disease, in contrast to the worsening of the clinical manifestations, which they experienced in adulthood. The disease exacerbation was even more evident in the current localized RDEB case than in the two previously published patients with localized DEB (14, 15), as the blisters arose in previously unaffected body areas, such as the trunk, and were accompanied by severe pruritus. Disease extension and change were easily understood by the patient himself, representing the reason for dermatological consultation in our hospital. In addition, a recent study aimed at screening the occurrence of autoantibodies in a cohort of EB patients reported that two out of 35 cases (5.7%) showed laboratory findings consistent with a diagnosis of EBA, i.e., linear binding of IgG along the BMZ in DIF, dermal binding of IgG in IIF-SSS, and positive anti-C7 autoantibodies by ELISA (11). Differently from previously mentioned mild DEB cases, both patients were affected by severe RDEB with negative C7 immunostaining, and no change in skin manifestations was noticed. However, it cannot be excluded that the severity of the RDEB manifestations has masked a phenotypic worsening. Additionally, considering the extremely low amount, if any, of residual C7 in RDEB severe, it is possible that the autoantibody response may not result in an overt increase of skin fragility in these patients. Finally, disease worsening due to BP development occurred in another previously published adult patient affected by intermediate JEB due to mutations in the laminin β3 chain (16). Notably, in that case, DIF performed both on the original skin biopsy used for initial JEB diagnosis and on the skin biopsy obtained after the disease worsened proved negative and positive, respectively, documenting the causal relationship between the autoantibodies binding to the patient’s skin and the phenotype modification (16). Of note, in the patient here described corticosteroid therapy administered for BP rapidly resulted in remission of newly developed skin manifestations and concomitant severe itch, further supporting the role of the autoimmune response in disease worsening.

Our patient linked the disease worsening to a recent strong negative emotional stress. Precipitating factors for BP development have been identified in approximately 15% of patients (17). Emotional stress is often reported by patients as a trigger factor for various diseases including inflammatory and autoimmune skin conditions, such as vitiligo and pemphigus (18, 19). As neural, endocrine, and immune systems interact, emotional stress may be hypothesized as a trigger factor for BP onset in our RDEB patient (20). Moreover, most of the recognizable trigger factors for BP are related to local disruption of the cutaneous BMZ, indicating that structural alterations can modify the antigenicity of BMZ components with exposure to neoepitopes (17). Consistently, chronic injury and inflammation typical of RDEB, an inherent alteration of the immune system consequent to C7 loss, and the interplay between predisposing and provoking factors, such as aging, genetic predisposition, and emotional stress, could have played a role in the onset of BP in our patient (5, 6, 17). In conclusion, we suggest that the development of a pathological autoimmune response may occur in a subset of adult RDEB individuals as a result of a variable combination of genetic predisposition, chronic skin damage, underlying immunity defects, and specific triggers. In EB patients presenting unexpected disease worsening during adulthood, a DIF reaction on skin biopsy should be always performed to assess the possible development of a concomitant autoimmune bullous disease, which, if confirmed, prompts immunosuppressive and immunomodulatory treatments aimed at controlling the autoimmune response.
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Pemphigus vulgaris (PV) is an autoimmune bullous dermatosis with uneven geographic distribution and higher incidence in certain populations. In previous studies, a relatively high incidence of PV was reported in Bulgaria (0.47/100,000/year) comparable to that in other countries. The genetic background was considered responsible for the disease susceptibility, and multiple reports have proven PV to be an HLA-associated condition. The aim of our study was to analyze the role of genetic factors in the development of PV in Bulgaria. HLA genotyping was performed in 56 PV patients, ethnic Bulgarians whose diagnosis was confirmed based on clinical, histological, and immunofluorescent findings. The control group consisted of 204 healthy individuals from the Bulgarian population without evidence for HLA-associated autoimmune diseases. HLA-A,-B,-DRB1,-DQB1 analysis was performed by PCR-SSP. Our results revealed predisposing associations with DRB1*14, DRB1*04:02, and B*38, B*55, while allele DRB1*03:01 and the corresponding haplotypes were significantly decreased in the PV patients. The predisposing role of these alleles has been observed in other populations. All reported predisposing DRB1 alleles have the same amino acids at key positions of the beta chain of the HLA molecules, 26 (Phe), 67 (Leu or Ileu), 70 and 71 (hydrophobic AA: Gln, Arg, Asp, or Glu), and 86 (Val), which is important for the selective presentation of desmoglein 3 peptides. Additionally, specific alleles HLA-A*01 and DRB1*11 were identified with decreased frequencies in the patients’ group, the last one being a common protective allele for autoimmune diseases in the Bulgarian population. The elucidation of the role of genetic factors for the development of pemphigus will help explain its higher incidence and clinical variability in certain populations.
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Introduction

Pemphigus encompasses a group of organ-specific autoimmune blistering diseases of stratified squamous epithelia characterized by the formation of blisters and erosions on the mucous membranes and/or the skin (1). The hallmark of pemphigus are the immunoglobulin G (IgG) autoantibodies raised against desmosomal cadherins, of which desmogleins (Dsg)1 and Dsg3 are best characterized and considered as most important (2). The binding of autoantibodies to their target antigens on the keratinocyte surface leads to loss of intercellular adhesion resulting in acantholysis and formation of intraepithelial blisters.

Based on clinical, histologic, and immunopathologic findings, pemphigus is classically divided into two major subtypes: pemphigus vulgaris (PV) and pemphigus foliaceus (PF) (3, 4). In PV, acantholysis occurs deep in the epidermis just above the basal-cell layer and is associated with autoantibodies to Dsg3, which is mainly expressed in the mucous membranes and lower epidermal layers of the skin. In PF, the blisters are high in the epidermis below the stratum corneum and are associated with autoantibodies to Dsg1, which is expressed throughout the epidermis in the skin, and to a much lesser extend in the mucous membranes (5, 6). The profile of autoantibodies corresponds to specific clinical features, i.e. presence of painful muco-cutaneous blistering in PV via production of antibodies to Dsg3 and Dsg1, and involvement of the skin only via production of antibodies to Dsg1 in PF, respectively (7).

Incidences of the various forms of pemphigus vary in the different ethnicities and from country to country (5). PV is most common in Europe and the USA where its frequency is showing rates of 65 – 90%, whereas PF is the prevalent subtype in Northern Africa and Southern America (8). In addition, PF exists as sporadic cases distributed worldwide, but also in the form of endemic foci in well-defined regions of South America (Brazil and Northern Columbia) and North Africa (Tunisia, Morocco) (8–11).

PV is the more severe pemphigus variant affecting mostly middle-aged patients with peak in the 4th-6th decades, while children and elderly are exceptionally involved. PV is known for its uneven geographic distribution and higher incidence in certain populations, namely Ashkenazi Jewish and people from Mediterranean origin (12). Respectively, the highest annual incidence rates of PV are reported in Tehran District, Iran (16.0 / million) (13), among the Jewish population in Jerusalem, Israel (16.1 / million) (14), and Connecticut (32.0 / million) (15). For comparison, in Western countries sporadic PF has shown and estimated annual incidence of < 1 case per million (8, 11). In Europe, various rates have been reported, ranging between 0.8/million/year in Finland (16), 1.7/million/year in France (10), and 6.0 in Sicily (17).

Mediterranian coutries seem to occupy a particular place in the epidemiology of PV (14, 18, 19). The same implies to a large extent for the South-Eastern European countries, more precisely located on the Balkan Peninsula, where PV shows an overall high incidence rates (Table 1) (18–27). The Balkan countries are known for their multi-ethnic populations comprising Slavic caucasians, Albanians, Gipsies, ethnic Turks, Armenians, etc. It is of note that the highest PV rates have been found among Roma people (Gipsies) reaching rates of 24/million/year (22). In addition, an epidemiologic study from Germany found a nine-fold higher incidence of PV among non-German foreigners (from Turkey and Italy), i.e. 6.8/million/year, compared to native Germans (0.8/million/year) (28).


Table 1 | Incidence of pemphigus vulgaris in Southern-European (Balkan) countries.



The etiology of pemphigus is largely unknown. Among the factors discussed are environmental agents, infections, drugs, and tumors. Genetic background was also considered responsible for the disease susceptibility and multiple reports have proven PV to be a HLA-associated condition. PV has been associated both with classical HLA class I and class II alleles (29, 30), and non classical genes such as HLA-G and the transporter associated processing gene (29, 30). Strong association has been found with certain HLA alleles and haplotypes throughout the world, namely HLA class II HLA-DRB1*04:02, DQB1*03:02 have been found in Jewish patients and HLA-DRB1*14:01/14:04, DQB1*05:03 in non-Jewish patients (32).

Therefore, the well-known increased prevalence of PV in distinct ethnic groups such as Jews, Iraqi, Indians, and Iranians could be explained with the high frequency of specific predisposing for PV HLA alleles.

Only scarce data are available on HLA in PV in Eastern and South-Easthern European countries and namely those located at the Balkan Peninsula. The only data come from Slovakia (30, 33), Serbia (34), and Turkey (29). Previous studies among Bulgarian patents with pemphigus carried out using serologic HLA-typing have found increased frequencies of HLA-A9, A10, B13, DR4, DR5, DQ2, and DQ3 specificities, as well as low frequency of HLA-A3, B8, DR1, and DR3, pointing out the protective role of the latter on the development of the disease (35). However, both patients with PV and PF were included in this earlier series. Given the fact that PV is the prevalent pemphigus variant in Bulgaria, we decided that it would be worth to focus our study of the genetic markers of pemphigus by selecting patients with PV only.



Objective

The aim of the present study was to analyze the role of HLA alleles and haplotypes for the development of PV among the Bulgarian population.



Material and methods


Patients

The study was conducted prospectively and included pemphigus patients from Bulgaria, hospitalized in the Department of Dermatology and Venereology, University Hospital “Alexandrovska”, Medical University – Sofia, during the period January 2009 – December 2011 (Table 2). Fifty-six patients with PV were enrolled, 19 men (34%), and 37 women (66%), with age range 15-80 years (mean age 49.98 ± 15.4). All patients were ethnic Bulgarians, with both parents and grandparents born in the country. The diagnosis of PV was confirmed based on clinical, histopathologic, and immunofluorescence criteria, i.e. presence of bullae and/or erosions on the skin and/or mucous membranes, suprabasal acantholytic blisters upon histology, and positive direct immunofluorescence microscopy on perilesional skin showing deposition of IgG on the epithelial cell surface producing the typical epidermal intercellular staining pattern; besides, most patients sera tested positive for pemphigus antibodies by indirect immunofluorescence on monkey esophagus substrate.


Table 2 | Demographic and clinical data. PV patients and healthy controls from the Bulgarian population.





Controls

The control group consisted of 204 unrelated healthy individuals from the Bulgarian population: 100 men (49%) and 104 women (51%) with age range 20-46 years (mean age 31.5 ± 10.6) without family history of autoimmune diseases.



Ethics

All patients and healthy controls provided informed consent for testing performed as part of the institutional review boards approved standard operating procedures at our institutions. The principles of the Declaration of Helsinki were strictly followed during the study.



HLA typing

HLA-tests for all patients and controls were performed at the Department of Clinical Immunology, University Hospital “Alexandrovska”, Medical University – Sofia.

Genomic DNA was extracted from peripheral blood on an iPrep Purification Instrument (Thermo Fisher Scientific, USA) with iPrep PureLink gDNA Blood Kit (Thermo Fisher Scientific, USA). HLA-A,-B,-DRB1,-DQB1 genotyping was performed by high resolution PCR-SSP method using Olerup-SSP typing kits (OlerupTM, Quiagen, Germany) according to the manufacturer’s instructions. High-resolution PCR-SSP typing was performed for allele groups HLA-DRB1*03 and DRB1*04 by Olerup-SSP typing kits.



Statistical analysis

HLA allele and haplotype frequencies were estimated using Expectation-Maximization (EM) algorithms via Arlequin program (version 1.1). Comparative analysis between the groups was performed using Chi-square method. Bonferroni correction for multiple tests was applied by multiplying “p” by the number of comparisons. Probability values were considered significant if pc < 0.05. Odds ratio (OR) estimate was calculated using the methods of Woolf and Haldane with modification for small numbers (36). Ninety-five percent confidence intervals were given.




Results

Concerning the demographic distribution of patients and controls no statistically significant differences were detected (Table 2). Comparisons of HLA allele frequencies between patients and controls showed statistically significant association with one HLA-A, two HLA-B, and four HLA-DRB1 alleles (Table 3).


Table 3 | HLA alleles significantly associated with PV in the Bulgarian population.



Our results revealed predisposing associations with DRB1*14, DRB1*04:02, B*38, and B*55 (Table 3). Additionally, HLA-A*01, HLA-DRB1*03:01 and DRB1*11 showed negative association with PV in our population. This observation is interesting since the DRB1*11 allele has been previously described as being protective for autoimmune diseases in the Bulgarian population (37, 38).

Comparisons of amino acids (AA) sequences of the portions encoded by predisposing and protective alleles observed showed that all predisposing alleles have the same amino acids (АА) at key positions of the beta chain of the HLA molecules: 26 (Phe), 67 (Leu or Ileu), 70 and 71 (hydrophobic AA: Gln, Arg, Asp or Glu), and 86 (Val). This might be important for the selective presentation of Dsg3-peptides (Table 4).


Table 4 | Amino acid positions in HLA-DRB1 alleles associated with pemphigus vulgaris in the Bulgarian population.



Additionally, we compared the distribution of HLA-DRB1-DQB1 and HLA-A-B-DRB1 haplotypes between patients with PV and healthy controls (Tables 5, 6). In agreement with HLA-DRB1 allele distribution, two haplotypes, HLA-DRB1*04:02/DQB1*03 and DRB1*14/DQB1*05 were positively associated with PV and therefore, considered as predisposing, while the haplotypes DRB1*03:01 / DQB1*02 and DRB1*11/DQB1*03 showed significantly decreased frequency in the patients’ group (Table 5).


Table 5 | HLA-DRB1-DQB1 haplotypes associated with pemphigus vulgaris in the Bulgarian population.




Table 6 | HLA-A-B-DRB1 haplotypes associated with pemphigus vulgaris in the Bulgarian population.



Analysis of three–loci haplotypes showed that seven haplotypes, i.e. one DRB1*14 haplotype and six DRB1*04:02 haplotypes, were observed with statistically significant increased frequency in patients compared to the controls (Table 6).



Discussion

In the present study we analyzed for the first time HLA allele and haplotype association in Bulgarian patients with PV using population based approach. Analyzing DRB1 alleles we observed a strong association with DRB1*04:02 and less marked relation to DRB1*14. These data are in accordance with previously published reports worldwide, including studies among various South-European populations, such as in Italy (39), Sardinia (40), Spain (40), France (42), in Ashkenazi Jews (43, 44), as well as in Asia (45) and South America (46–48). In the Bulgarian population, DRB1*03:01 allele demonstrated negative association with PV, similarly to Sardinians (40). Analogous results for DRB1*11 support similar findings in various autoimmune diseases in the Bulgarian population (37, 38). In contrast to other authors (40, 49–51) we could not confirm association related to DQB1 genes in our study. Moreover, two alleles of the HLA-B locus, namely B*38 and B*55, were related to a statistically significantly increased risk for the development of PV among Bulgarians. The predisposing association related to the presence of B*38 is in accordance with the results from studies among Jews (49–51), Sardinians (40), and Iranians (52). On the other hand, B*55 was reported to be predisposing in white non-Jewish Europeans and Iranians. It is interesting to note the statistically significant negative association for HLA-A*01 allele observed in the present study.

Identically to other populations and corresponding to the known linkage disequilibrium, in patients from Bulgaria, two haplotypes were found to be related with higher risk for the development of PV, namely DRB1*04:02-DQB1*03, and DRB1*14-DQB1*05. On the contrary, DRB1*03:01-DQB1*02 haplotype demonstrated negative association, similarly to the results among Sardinian population (40). What was more specific for our population was the additional finding on the decreased frequency of DRB1*11-DQB1*03 in PV in contrast to other authors who detected participation of DRB1*11 and DQB1*03:01 alleles in the presentation of Dsg3 and in the disease predisposition, respectively (40). The absence of a separate association between DQB1 genes and PV in the Bulgarian population confirms the hypothesis for the dominating role of DR genes. This is in agreement with the hypothesis on the role of DR molecules in the presentation of Dsg3 peptides to autoreactive T-cells (54).

Seven haplotypes (6 DRB1*0402; 1 DRB1*14) were detected with statistically significant frequency in PV patients compared to controls: A*02-B*15-DRB1*04:02; A*03-B*38-DRB1*04:02; A*03-B*51-DRB1*04:02; A*24-B*44-DRB1*04:02; A*25-B*18-DRB1*04:02; A*31-B*51-DRB1*04:02; A*02-B*49-DRB1*14. The predisposing role of A*03-B*38-DRB1*04:02 haplotype in Bulgarian population is in accordance with the haplotype associations reported among Ashkenazi Jews with pemphigus.

It is hypothesized that the role of HLA allele variants in the pathogenesis of PV is related to the desmoglein peptides of specific autoreactive CD4+ T-cell clones (55). A common immunodominant epitope initiates a T-cell response that may change through epitope spreading. All alleles observed in our study as predisposing to PV demonstrate specific AA portions at key positions: 26 (Phe), 67 (Leu or Ileu), 70, 71 (hydrophobic amino acids: Gln, Arg, As, or Glu), and 86 (Val) in the DR beta-chain. It was proved that the negative load of P4- domain (pocket) of DRB1*04, formed by glutamate at 71 beta-position, is necessary for the selective presentation of Dsg3 peptides. Therefore, this is in agreement with the hypothesis on the role of DRB1 alleles in autoantigen presentation and pathogenesis of PV.

Immune tolerance to epidermal antigens, participating in the development of pemphigus, may be called “immune ignorance” more than tolerability of the central and peripheral immune system due to the fact that autoreactive T-cells are present in healthy individuals as well. The autoimmune reaction may be triggered through molecular mimicry between xenoantigen (infectious agent or drug), modified autoantigen (drug) or tumour antigen, and autoantigen-target (56).

Studying the target antigens and their corresponding autoantibodies would help the diagnostic of pemphigus subtypes and the prognostic evaluation for the patient.

The elucidation of the role of genetic factors for the development of pemphigus will help explain its higher incidence and clinical variability in certain populations.

Getting familiar with genetic predisposition and the triggering environmental factors, together with developing recombinant antigens for detection of autoreactive B-cells, may help the development of specific immunotherapy of pemphigus (57).



Conclusions

HLA allele and haplotype distribution among Bulgarian patients with PV is similar to the already established predisposing associations with DRB1*14, DRB1*04:02, B*38, B*55, whereas DRB1*03:01 alleles and the corresponding haplotypes were significantly decreased in PV patients from the Bulgarian population. We also report specific negative HLA associations for the Bulgarian population, namely DRB1*11 and A*01 but additional studies are necessary to further demonstrate a direct preventive benefit of carrying these alleles.
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Chronic blistering at the skin and/or mucous membranes, accompanied by a varying degree of inflammation, is the clinical hallmark of pemphigoid diseases that impose a major medical burden. Pemphigoid diseases are caused by autoantibodies targeting structural proteins of the epithelial basement membrane. One major pathogenic pathway of skin blistering and inflammation is activation of myeloid cells following Fc gamma receptor-dependent binding to the skin-bound immune complexes. This process requires activation of specific kinases, such as PI3Kδ, which have emerged as potential targets for the treatment of pemphigoid diseases. Yet, it is unknown if global cutaneous kinase activity present in lesional pemphigoid disease correlates with therapeutic effects following treatment with a given target-selective kinase inhibitor. To address this, we here first determined the kinase activity in three different mouse models of pemphigoid diseases: Antibody transfer-induced mucous membrane pemphigoid (MMP), antibody transfer-induced epidermolysis bullosa acquisita (EBA) and immunization-induced EBA. Interestingly, the kinome signatures were different among the three models. More specifically, PI3Kδ was within the kinome activation network of antibody transfer-induced MMP and immunization-induced EBA, but not in antibody transfer-induced EBA. Next, the therapeutic impact of the PI3Kδ-selective inhibitor parsaclisib was evaluated in the three model systems. In line with the kinome signatures, parsaclisib had therapeutic effects in antibody transfer-induced MMP and immunization-induced EBA, but not in autoantibody-induced EBA. In conclusion, kinase activation signatures of inflamed skin, herein exemplified by pemphigoid diseases, correlate with the therapeutic outcomes following kinase inhibition, demonstrated here by the PI3Kδ inhibitor parsaclisib.
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Introduction

Pemphigoid diseases are prototypical organ-specific autoimmune diseases of the skin and/or mucous membranes that are characterized and caused by autoantibodies targeting structural proteins of the basement membrane of surface epithelial cells. Depending on the clinical presentation and the targeted autoantigens, distinct pemphigoid diseases are diagnosed (1, 2). These include mucous membrane pemphigoid (MMP) and epidermolysis bullosa acquisita (EBA). Both MMP and EBA are difficult to treat and mainly rely on immunosuppressive therapy (3–7). Novel treatment options are urgently needed, whereby the phosphatidylinositol-3-kinase (PI3K) pathway represents a promising target for the treatment of autoimmune blistering diseases (8, 9).

In pemphigoid disease, once pathogenic autoantibodies are generated (for example, BP180 and/or and laminin 332 in MMP, and type VII collagen (COL7) in EBA), they bind to their respective target antigen(s) expressed in the skin and/or mucosa (10). Autoantibody binding triggers subepidermal blistering and inflammation through recruitment of polymorphonuclear leukocytes (PMNs) into the skin. Here, PMNs bind to the immune complexes located at the anchoring junctions between the epithelium and the extracellular matrix in skin and mucosal tissue via their activating Fc gamma receptors (FcγRs). This triggers an intracellular signaling cascade, leading to the release of reactive oxygen species (ROS) and proteases that ultimately cause subepidermal blistering and inflammation (11–13).

With the approval of (topical) kinase inhibitor treatments in other chronic inflammatory skin diseases, such as phosphodiesterase 4- or Janus kinase (JAK) inhibitors for the treatment of atopic dermatitis (14, 15), signaling events in PMNs following FcγR-mediated binding to the tissue-bound immune complexes have emerged as potential pharmacological targets for the treatment of pemphigoid diseases (16–18). Among others, PI3Kβ and δ are involved in immune complex-induced PMN activation and their inhibition was shown to reduce disease severity in pemphigoid disease mouse models (19, 20).

However, the vast majority of research on cell signaling in pemphigoid diseases has been hypothesis-driven so far, and centered on the events following the FcγR-dependent binding of PMNs to immune complexes (21–25). Thus, an unbiased and complete overview of kinase activation signatures in pemphigoid diseases is missing. In addition, it is also unknown if a specific kinase activation profile in inflamed skin is associated with the treatment outcomes following kinase inhibition. To address these knowledge gaps, we systematically evaluated the kinase activation signatures in three different mouse models of pemphigoid diseases: Antibody transfer-induced MMP, antibody transfer-induced EBA and immunization-induced EBA (26). In parallel, we evaluated the impact of PI3Kδ inhibition using parsaclisib, a PI3Kδ-selective inhibitor in late clinical development, on clinical disease manifestation in the three different pemphigoid disease models. Ultimately, we investigated if the kinome signature of each disease model correlates with the observed treatment outcomes.



Materials and methods


Experiments with human biomaterials

Skin and blood collection from healthy volunteers or patients was performed after written informed consent was obtained. All experiments with human samples were approved by the ethical committee of the Medical Faculty of the University of Lübeck and performed in accordance with the Declaration of Helsinki.



Mice

C57BL/6J (B6) and B6.SJL-H2s C3c/1CyJ (B6.s) mice were obtained from colonies held at the animal facility at the University of Lübeck. Animals were fed acidified drinking water and standard chow ad libitum and were held on a 12-hour light-dark cycle. Sex-matched mice aged 6-10 weeks were used for the experiments. All experiments were approved by the Animal Care and Use Committee (Kiel, Germany) and performed by certified personnel. All clinical examinations, biopsies, and bleedings were performed under anesthesia using i.p. administration of a mixture of ketamine (100 mg/g, Sigma-Aldrich) and xylazine (15 mg/g, Sigma-Aldrich). The percentage of the affected body surface area was determined in a blinded manner.



Chemicals

Parsaclisib (INCB050465), a potent, selective, and orally active inhibitor of PI3Kδ, was synthesized as described (27). For in vitro studies, the drug was initially diluted in 100% DMSO (Sigma-Aldrich, Hamburg, Germany). Of this, different concentrations (500, 200, 20, 5, 2.5, 1, 0.5, and 0.1 nM) were prepared in 0.1% DMSO. For in vivo administration 0.3, 1, or 3, mg/kg of parsaclisib was freshly prepared in 95% (v/v) of methylcellulose solution (0.5% (w/v)) and 5% (v/v) N,N-Dimethylacetamide (DMA; Sigma-Aldrich). Parsaclisib was dosed twice daily by oral gavage. Methylprednisolone (MP) (Urbason™) was purchased from Sanofi-Aventis (Frankfurt, Germany). MP was used as a reference treatment and injected intraperitoneally (i.p.) once daily at a concentration of 20 mg/kg.



PMNs’ reactive oxygen species release assay upon stimulation with immune complexes

Immobilized immune complexes were formed using recombinant proteins of h-COL7EF and anti-h-COL7 IgG1, as previously described (28). In brief, a 96-well white plate (Greiner BioOne, Frickenhausen, Germany) was coated with 10 µg/mL of h-COL7EF in 50 mM carbonate/bicarbonate buffer (pH 9.6) for 3 h. Afterwards, wells were blocked and subsequently incubated for 2 h with 2 μg/mL of anti-h-COL7 IgG1 or PBS. In parallel, PMNs were isolated from healthy donors using PolymorphPrep™ (Axis-Shield GmbH, Heidelberg, Germany) according to the manufacturer’s instructions. After purification, PMNs were resuspended in chemiluminescence medium (color-free RPMI-1640 (Millipore Sigma) supplemented with 1% heat-inactivated fetal calf serum (FCS), 2 g/l glucose, and 25 mM HEPES) containing 1 mM luminol (5-amino-2,3-dihydro-1,4-phthalazindione; Sigma-Aldrich). 2×105 PMNs were seeded into each well. In case of murine PMNs, bone marrow cells were harvested from C57BL/6J mice by flushing femurs and tibias with cold HBSS buffer supplemented with 0.5% FCS and 20 mM HEPES. Cells were collected by centrifugation and filtered through a 70 μm strainer. Neutrophils were isolated from the cell suspension using the Neutrophil Isolation Kit, mouse, an LS Column, and a MidiMACS Separator (Miltenyi Biotec GmbH, Teterow, Germany) following the manufacturer’s protocol. A total of 2×105 PMNs were added to each well in the presence of 0.1% DMSO or parsaclisib (at the concentrations of 500, 200, 20, 5, 2.5, 1, 0.5, and 0.1 nM). 10 ng/mL of phorbol-myristate-acetate (PMA; Sigma-Aldrich) served as positive control. The chemiluminescence reaction was analyzed at 37°C for 60 repeats using a GloMax® Discover System microplate reader (Promega GmbH, Mannheim, Germany).



Cell-free ROS release assay

To exclude that parsaclisib acts as a ROS scavenger, a cell-free ROS release assay was employed as previously reported (29). In brief, human myeloperoxidase (MPO; Enzo Life Sciences, Lörrach, Germany), catalase (CAT; Sigma-Aldrich), and glucose oxidase (GOX; Sigma-Aldrich) were mixed at final concentrations of 10 mU/mL, 2 U/mL, and 0.5 U/mL, respectively. The mixed substances were added to HBSS buffer containing 0.1% v/v Triton X-100, 5 mM glucose, and 2 mM luminol. Subsequently, the medium was supplemented with 0.1% DMSO or parsaclisib at concentrations of 500, 200, 20, 5, 2.5, 1, 0.5, and 0.1 nM. 10 mM N-acetyl-L-cysteine (NAC; Sigma-Aldrich) was used as a positive control. ROS generation was monitored as stated above.



Flow cytometric cytotoxicity assay

In order to evaluate a potential drug-induced toxicity, a flow cytometric assay was used: PMNs, isolated from healthy donors by PolymorphPrep™, were seeded into the plate and incubated with parsaclisib (500, 200, 20, 5, 2.5, 1, 0.5, and 0.1 nM) for 2 h at 37°C. After centrifugation, the pellet was resuspended in Annexin V Binding Buffer (BioLegend GmbH, Fell, Germany). FITC Annexin V (BioLegend GmbH) was then added to the cell suspension at a final concentration of 1 μg/mL. Following 20 min incubation at 4°C, cells were washed, and the pellet was resuspended in PBS with 1% BSA. Propidium iodide (PI; Miltenyi Biotec GmbH) was added to the samples (dilution, 1:300) and cytotoxicity was measured using a MACSQuant® Analyzer 10 (Miltenyi Biotec GmbH).



Ex vivo dermal-epidermal separation (cryosection) assay

Following published protocols (30, 31), cryosections of human skin, that was obtained from elective plastic surgery, were incubated with immunoapheresis materials or IgG isolated from serum of two EBA patients using protein G columns, of EBA patients for 1 h at 37°C, followed by addition of human PMNs isolated by dextran sedimentation (Carl Roth, Karlsruhe, Germany) of freshly collected, heparinized blood from healthy volunteers (n=3). Afterwards, 0.5 ml of PMNs (2-2.5 × 107 cells), pre-incubated with solvent or parsaclisib at 2, 20, and 200 nM. PMNs, pre-incubated with solvent or parsaclisib at varying concentrations (2, 20, and 200 nM/mL) for 15 min at 37°C, were added onto the skin sections. Slides were further incubated at 37°C for 3 h. After washing, slides were fixed in formalin and H&E-stained. Using ImageJ software (https://imagej.nih.gov/ij/), DES split formation was quantified. The percentage of dermal-epidermal separation (DES) was calculated as length of separation divided by total length of the dermal-epidermal junction (DEJ) on skin section measured on a Keyence microscope (BZ-9000 series, Keyence GmbH, Neu-Isenburg, Germany).



Chemotaxis assay

Human PMNs were freshly isolated from healthy donors using a standard Ficoll-PaqueTM Plus (GE Healthcare Europe GmbH, Freiburg, Germany) density gradient method. The effect of parsaclisib on PMN chemotaxis was assessed by Boyden chamber (20). In brief, interleukin (IL)-8 (6 nM; Peprotech, Hamburg, Germany) was diluted in PBS with Ca2+, Mg2+/0.1% BSA and added to the bottom wells of the chamber. After covering the bottom wells with a polycarbonate membrane (pore size: 5 µm; Costar Nucleopore GmbH, Tübingen, Germany), the top wells were filled with freshly prepared PMNs (1 × 105 cells/well) in PBS with Ca2+, Mg2+/1% BSA that were pre-incubated for 10 min at 37°C with parsaclisib (500, 200, 20, 5, 2.5, 1, 0.5, and 0.1 nM). After 1-hour incubation at 37°C, the chamber was disassembled and migrated cells were transferred from the bottom wells to a microtiter plate. Afterwards, migrated neutrophils were lysed by 0.1% (w/v) hexadecyltrimethylammonium bromide solution (Millipore Sigma). Number of migrated neutrophils was determined via endogenous MPO activity by adding TMB substrate solution (Thermo Fisher Scientific, Dreieich, Germany). The redox reaction was stopped by 1 M H2SO4 and oxidized tetramethylbenzidine was measured at OD450 nm using a GloMax® microplate reader. The number of migrated neutrophils was calculated from a standard curve of cell lysates run in parallel.



Pre-clinical models of pemphigoid diseases


Antibody transfer-induced EBA

Induction of experimental EBA by antibody transfer in adult B6 mice was performed as described (26). B6 mice were selected for these experiments because they are among the most susceptible strains for antibody transfer-induced EBA (32, 33). Administration of MP, solvent or parsaclisib (0.3, 1, or 3 mg/kg) was initiated on day 0 of the experiment and continued until day 11. For randomization, mice (n=1 per randomization cycle) were allocated to each treatment on an alternating basis, independent of cages. Specifically, the first, 6th, 11th, … mouse was allocated to MP, the 2nd, 7th, 12th, … to solvent, and so forth. Solvent and parsaclisib were applied by oral gavage, while MP was applied i.p. To score the severity of disease, skin areas exhibiting erythema, blisters, erosions, crusts, or alopecia were determined by an observer unaware of the applied treatments on days 4, 8 and 12 as described in detail elsewhere (26). Blood and tissue samples were collected on day 12.



Immunization-induced EBA

Following established protocols (26), B6.s mice were immunized with 120 μg of vWFA2 domain of mCOL7 (mCOL7vWFA2) emulsified (1:1) in Titermax® (CytRx Corporation, CA, USA). B6.s mice were selected for these experiments because they are one of the few susceptible strains for immunization-induced EBA (34, 35). When 2% or more of the body surface area was affected by EBA skin lesions in an individual animal, this mouse was randomly allocated into the following groups: solvent, MP or parsaclisib (0.3, 1 or 3 mg/kg). Randomization was performed as described for antibody transfer-induced EBA. Again, solvent and parsaclisib were applied by oral gavage, while MP was applied i.p. Clinical scoring was performed once per week by an observer unaware of the applied treatments. Relative clinical scores were calculated by normalizing the weekly score to the initial clinical score when allocated into treatment groups. Treatments were carried out for a total period of 4 weeks. Serum samples were obtained weekly for determination of circulating total and antigen-specific IgG.



Antibody-transfer induced MMP

To generate IgG against the murine α3 chain of laminin 332 (mLAMα3), New Zealand white rabbits were immunized with a mixture of recombinant His-tagged fragments of middle and C-terminal mLAMα3 portions (11). Total rabbit IgG was affinity purified using protein G Sepharose (Genscript, Piscataway, NJ, USA). Reactivity of purified IgG was analyzed by indirect immunofluorescence (IF) microscopy on murine skin. B6 mice were injected every other day with 6 mg of rabbit anti-mLAMα3 IgG or normal rabbit (NR) IgG. B6 mice were selected for these experiments because they are so far the only strain used in this model (11). Randomization and treatments were performed as described for antibody transfer-induced EBA. Different body parts were individually scored by the appearance of crust, erythema, lesions, and alopecia. On Day 12, high-resolution endoscopy (HOPKINS Optik 64019BA; Karl StorzAidaVet, Tuttlingen, Germany) of mouth oral cavity (i.e., pharyngeal mucosa, tongue, and right/left buccal) was conducted to determine the extent of oral lesions. Blood and tissue samples were taken for further analysis. For oral score, we determined 1 score point for each affected area: tongue, left buccal mucosa, right buccal mucosa, pharynx.




Multiplex kinase activity profiling

Kinase activity profiles were determined using PamChip® 4 microarray system (PamGene International B.V., ‘s-Hertogenbosch, The Netherlands) (36). Thirty 10 μm-thick frozen slices from lesional ear biopsies were cut and lysed using M-PER (Mammalian Protein Extraction Reagent; Thermo Fisher Scientific) containing 1% (v/v) Protease and Phosphatase Inhibitor Cocktail (Thermo Fisher Scientific). After centrifugation (15 min, 4°C, 10,000xg), the supernatants were snap frozen and stored at -80°C. Protein concentration was determined using BCA assay kit (Thermo Fischer Scientific) according to the manufacturer’s instructions. The Serine-Threonine Kinase (STK) and Protein Tyrosine Kinase (PTK) microarray assays were performed according to the manufacturer’s instructions. A FITC-conjugated anti-phosphotyrosine antibody was used for visualization during and after the pumping of lysates through the three-dimensional surface of the array. The capture of substrate phosphorylation signals was enabled by a computer-controlled CCD camera and measured repeatedly during a 1-hour kinetic protocol using the Evolve software (PamGene International B.V.). The analysis of the images was performed using the Bionavigator Software (Ver. 6.3). A kinase was considered to be modulated (either activated or inhibited) if it had a mean specificity score (negative decadic logarithm of the likelihood of obtaining a higher difference between the groups when assigning peptides to kinases randomly) of 1 (p=0.1) and a significance score (likelihood of obtaining a higher difference for random assignment of values to treatment- and control groups) of 0.5 (p=0.32). Hence, the data obtained indicates the differences in kinase activities, always comparing control to inflamed skin. To detect changes caused by the different disease models, samples from diseased mice were compared to the respective negative controls (NR IgG vs. Solvent for pEBA and pMMP, Titermax vs. Solvent for aEBA). The mean kinase statistic (calculated by averaging the difference between the signal intensities of a sample and its corresponding control sample, normalized against a pooled estimate of the standard deviation in each sample, for each peptide assigned to a specific kinase) was used for further analysis: Venn diagram analyses were performed in Venny2.0 (https://bioinfogp.cnb.csic.es/tools/venny/). The pathway ontology was performed using the STRING database (37).



Histopathology and IF staining

Biopsies from mice, taken from perilesional skin or mucosa, were fixed in 4% Histofix Solution (Carl Roth, Karlsruhe, Germany). The 6μm-thick sections from paraffin-embedded tissues were stained with hematoxylin and eosin (H&E) according to the standard protocols. The extent of dermal cell infiltration at the microscopic level was semi-quantified by an investigator unaware of the applied treatments. To detect tissue-bound IgG depositions at the DEJ, direct IF microscopy was performed on perilesional skin biopsies as detailed elsewhere (26).



Statistical analysis

GraphPad Prism (Version 8, GraphPad Software, San Diego, CA, USA) was used for statistical analysis of the data. All animal data (EBA score over time) are presented as mean ± standard error of the mean (SEM), all other data are presented as Tukey Box and Whisker blots (showing median and the 25-75 percentiles and all “outlying” points individually). Shapiro-Wilk test was performed to examine normal distribution of data. For comparison of means and P-value determination of two groups, unpaired t test or Mann-Whitney-U test was used. For comparison of means and P-value determination of more groups, Kruskal Wallis test with Dunn´s post test was conducted. A two-way ANOVA test was performed for comparison of means of two groups in a time frame with taking the treatment into account as independent variable. All tests were followed by Sidak’s or Dunn’s multiple comparison test and adjusted P-value <0.05 was considered statistically significant. We used the STRING database (38, 39) to build connectivity networks between kinases identified herein using PamGene and kinases known to have an impact on clinical disease manifestation in experimental pemphigoid disease, specifically EBA (18–20). Here, Indeed, most interactions were observed with PI3Kδ across all models (18). Furthermore, previous work demonstrated that PI3Kδ inhibition has therapeutic effects in experimental pemphigoid (20). Thus, we used a PI3Kδ inhibitor to address if the kinome activation signature in pemphigoid diseases correlates with the treatment outcome using a PI3Kδ-selective inhibitor. To determine a possible overlap between kinase activation, we used VENNY 2.1 (https://bioinfogp.cnb.csic.es/tools/venny/).




Results


Unique kinase activation signatures across different pemphigoid disease models

We first obtained skin from mice with antibody transfer-induced MMP, antibody transfer-induced EBA, and immunization-induced EBA. Samples were taken at the end of the experiments; specifically, day 12 from the antibody transfer-induced models and at week 4 after randomization from immunization-induced EBA. Skin from control mice injected with either normal rabbit IgG (antibody transfer-induced models) or mock-immunized mice (immunization-induced EBA) was taken from corresponding anatomical sites at the same time points. As PI3K activation does not translate into substrate phosphorylation (40), its activation cannot be detected using multiplex kinase activity profiling based on the detection of substrate phosphorylation by kinases. We, hence, added PI3Kδ (Pik3cd) to the list of activated kinases identified in each model and used STRING (39) to build connectivity networks of kinase activation in the skin of mice with experimental pemphigoid disease.

In all pemphigoid disease models, differential kinase activation following disease induction was noted. The greatest number of differently activated kinases was observed in the skin of mice with immunization-induced EBA (n=17), followed by the antibody transfer-induced MMP (n=13). Whereas only three kinases were differently activated in the skin of mice with antibody transfer-induced EBA (Figure 1, Raw Data Table in the supplement to this article). In immunization-induced EBA, cGMP-/cAMP- dependent protein kinases dominated the network. PI3Kδ was integrated in the network through interactions with hepatocyte growth factor receptor (Met, a receptor tyrosine kinase, Figure 1A), which are both activated after FcgR stimulation in neutrophils. The kinase activation signature in antibody transfer-induced MMP centered around PI3Kδ, Syk and the Src kinase family (Figure 1B). By contrast, PI3Kδ only interacted with pyruvate dehydrogenase kinase isozyme 1 (Pdpk1) in the connectivity network of activated kinases in antibody transfer-induced EBA (Figure 1C). When investigating for an overlap among the three models, we found that the kinase activation signatures are distinct across the three mouse models of pemphigoid diseases (Figure 1D): More specifically, only 2 kinases showed an overlap: Calcium/calmodulin-dependent protein kinase type IV (Camk4) between antibody transfer-induced MMP and immunization-induced EBA, and serine/threonine-protein kinase ATR (Atr) shared between antibody transfer-induced and immunization-induced EBA.




Figure 1 | Different kinase pathways are activated in experimental models of pemphigoid diseases (PD). (A) For induction of immunization-induced epidermolysis bullosa acquisita (EBA), B6.s mice were immunized with 120 μg of vWFA2 domain of mCOL7 emulsified (1:1) in Titermax™ and lesional skin was taken for kinome analysis in comparison to skin of mice treated with Titermax™ only. Hence, the data shown indicates differences between the samples. (B) To induce experimental mucous membrane pemphigoid (MMP), C57BL/6J mice were injected every other day with 6 mg of rabbit anti-mLAMα3 IgG or NR IgG for a total of 12 days. (C) Antibody transfer-induced EBA was induced by six injections of 3 mg rabbit anti-mCOL7 IgG or (normal rabbit) NR-IgG for a total of 12 days. In all three models, treatment regimens and STRING database analysis of kinases that are modulated are depicted here for analysis of perilesional skin and (MMP model only) oral mucosa. STING interaction modules are shown at the medium confidence level. Thickness of the lines indicates the strength of the predicted interaction. Colors of kinases are randomly selected. Differently activated kinases that did not have any connections to other kinases were excluded from the networks. n=3/model and group. (D) Venn diagram of overlapping kinase profiles in the respective PD models.





The PI3Kδ-selective inhibitor parsaclisib impairs immune complex-induced neutrophil activation in vitro

We next evaluated the impact of parsaclisib on PMNs activated by immune complexes. For this purpose, human or mouse PMNs were isolated and activated by immune complexes in the presence or absence of parsaclisib at an 8-fold concentration range. In human PMNs, a significant reduction of ROS release, as a sugorrate for PMN activation, was observed at 2.5nM, with an almost complete inhibition at 0.5 μM. Compared to human PMNs, immune complex activation of murine PMNs was less sensitive to PI3Kδ inhibition. More specifically, a significant reduction of immune complex-induced ROS release was observed at the 2x10-7 M dose (Figures 2A-C). To exclude that the observed reduction of ROS is not due to any anti-oxidative properties of the compound, ROS were generated enzymatically. Here, in contrast to the treatment control, the antioxidant N-acetylcysteine (NAC), parsaclisib showed no anti-oxidative properties (Figure 2D). Interestingly, and differently when compared to other PI3Kδ inhibitors (20), parsaclisib had no effect on IL-8 induced PMN migration (Figure 2E). All effects were observed at non-toxic concentrations of parsaclisib within the same concentration range (Figure 2F). To validate our findings in an independent ex vivo model, we incubated IgG isolated from EBA patients on cryosections of human skin, followed by the addition of PMNs, isolated from healthy donors. In this cryosection assay, PMNs bind to the immune complexes located at the dermal-epidermal junction, become activated in a FcγR-mediated fashion (41), leading to ROS- and protease-dependent dermal-epidermal separation (42, 43). In cryosections incubated with EBA-IgG, PMN-dependent induction of dermal-epidermal separation was blocked by the addition of parsaclisib (Figure 2G).




Figure 2 | Parsaclisib impairs immune complex-induced neutrophil activation in vitro. Human polymorphonuclear leukocytes (PMNs) were isolated from healthy blood donors and activated by immobilized immune complexes (IC) consisting of recombinant human COL7 (hCOL7E-F) and anti-hCOL7E-F IgG1 in the presence or absence of parsaclisib at an 8-fold concentration range. Relative reactive oxygen species (ROS) release was detected by a luminescence-based assay. (A) Representative example of one donor showing the relative luminescence after IC-stimulation over the time. (B) Area under the curve (AUC, cumulative values) of luminescence, n=12. (C) PMNs were isolated from murine femurs and activated using immobilized ICs consisting of recombinant murine COL7 (mCOL7C) and anti-mCOL7C-IgG in the presence or absence of parsaclisib, n=4. (D) ROS were generated enzymatically by myeloperoxidase, catalase, and glucose oxidase, n=4. The ROS scavenger N-acetylcysteine (NAC) was used as assay control. (E) Chemotaxis of freshly isolated PMNs was induced by IL-8 in the presence of parsaclisib using a Boyden chamber assay. The attracted cell number during a time period of 60 minutes is shown as AUC. (F) Human PMNs were stimulated with immobilized ICs in the presence/absence of parsaclisib. To exclude toxicity, the amount of propidium iodide (PI)- and Annexin V-positive cells after IC stimulation was identified. (G) Cryosections of human skin were incubated with IgG isolated from EBA patients, followed by the addition of PMNs, isolated from healthy donors (cryosection assay). Split formation along the dermal epidermal junction (DEJ, dotted line) was analyzed as percentage of the whole DEJ. Asterisks indicate split formation. (A-F) Data was normalized to positive control (either IC- or IL-8-stimulated PMNs). Solvent control was always added to positive and negative controls. (B-G) Data are shown as Tukey’s box-and-whisker plots. ANOVA on ranks (Kruskal-Wallis) was applied followed by a Dunn´s multiple comparison test, (B) n=12, (C) n=2-4, (D, F) n=4, (E) n=5, (G) n=6 (for detailed information see attached raw data table), *p<0.05, **p<0.01.





Parsaclisib treatment is effective in antibody transfer-induced MMP and immunization-induced EBA, but not in antibody transfer-induced EBA

Having established that PI3Kδ is integrated in the kinome activation signature of lesional skin from mice with antibody transfer-induced MMP and immunization-induced EBA and having demonstrated that parsaclisib impairs a key pathogenic pathway in autoantibody-induced tissue pathology in pemphigoid diseases, we next evaluated the impact of parsaclisib treatment on the clinical manifestation of experimental pemphigoid. In immunization-induced EBA, parsaclisib was administered in therapeutic settings: Mice were immunized with COL7 for induction of EBA. If, in an individual mouse, 2% or more of the body surface area were affected by EBA skin lesions, it was randomized to one of the treatments. In solvent-treated mice, clinical disease worsened over 2-fold during the 4-week treatment period. By contrast, parsaclisib significantly abolished disease progression. We also included methylprednisolone as an active comparator (44). The effects of methylprednisolone at 20 mg/kg and parsaclisib at 3 mg/kg were comparable (Figure 3). In lesional skin from all groups, a similar degree of dermal leukocyte infiltration was observed. Likewise, a similar IgG- deposition at the dermal-epidermal junction, and comparable serum levels of COL7-specific and total IgG were noted in all treatment groups (Figure 3, Supplement Figure 1). We then determined kinase activity in lesional skin from mice treated with parsaclisib to solvent-treated mice at the end of the experiment. Like above (Figure 1), we included PI3Kδ to the list of differently activated kinases between the 2 groups when analyzing the data using STRING database (Figure 3D). In antibody transfer-induced MMP (Figure 4) and EBA (Figure 5), treatments were started when pathogenic IgG was administered for the first time and was maintained throughout the 12-day observation period. In line with the findings from immunization-induced EBA, parsaclisib (3 mg/kg) or methylprednisolone (20 mg/kg) impaired the induction of skin lesions in antibody transfer-induced MMP (Figure 4A). By contrast, neither MP, nor parsaclisib had an impact on clinical disease manifestation in antibody transfer-induced EBA (Figure 5A). In experimental MMP, involvement of the oral mucosa is frequently observed. Interestingly, parsaclisib (3 mg/kg), but not methylprednisolone (20 mg/kg) significantly reduced oral blistering and erosions (Figure 4B). In antibody transfer-induced MMP (Supplement Figure 2) or EBA (Supplement Figure 3), no changes in circulating specific and total IgG were noted among the treatment groups. Other secondary endpoints in all models included analysis of cytokine and leukocyte subset expression in the skin (Cxcl1, IL17a, Tnf, Ly6g, Csf2, Cd3e, Il10, Itgam) by RT-PCR, and determination of cytokine concentrations in the serum (IL-1β, IL-4, IL-1α, IFN-γ, TNF-α, CXCL1, IL-10, IL-13, IL-17A, GM-CSF). Here, no major changes were observed, with the exception of serum cytokine expression in antibody transfer-induced MMP (Supplement Tables 1–6). Here, compared to solvent treated mice, parsaclisib reduced serum concentrations of IL-1β, IL-17A and GM-CSF, as well as increasing the serum concentrations of IL-1α and CXCL1. Nothing is known about the functional relevance of these cytokines in MMP. However, if considering data from EBA and BP mouse models, IL1-β, IL-17A, GM-CSF and CXCL1 have been demonstrated to promote skin inflammation, with no contribution of IL-1α (12, 45).




Figure 3 | Parsaclisib improves the clinical outcome in immunization-induced EBA. B6.s mice were immunized with 120 μg of mCOL7vWFA2 emulsified in Titermax™. If 2% or more of the body surface area was covered with lesions in individual mice, these animals were treated with different concentrations of parsaclisib or methylprednisolone (MP), n=9/group. (A) Relative magnitude of affected body surface area in relation to the time of allocation over the time and representative clinical images of the mice 4 weeks after allocation. Data are shown as mean ± SD. The representative clinical images for the indicated treatments were obtained at the end of the 4-week treatment period. (B) To visualize IgG binding to the dermal-epidermal junction, ear skin was stained for anti-mouse IgG (green) and nuclei (DAPI, blue). Overall, no difference among the groups was noted. Representative direct IF pictures and mean fluorescent intensity of IgG binding. (C) Representative H&E-stained ear skin at the end of the experiment. The cumulative histological score index (amount of skin infiltration, epidermal thickening and split formation at the DEJ) was analyzed in lesional back skin. (B-C), data are shown as Tukey’s box-and-whisker plots. ANOVA on ranks (Kruskal-Wallis) was applied followed by a Dunn´s multiple comparison test. (D) PamGene kinome analysis of lesional skin treated with solvent vs. 3 mg/ml parsaclisib (n=3/group) was performed. STRING database analysis of kinases that are modulated by parsaclisib; contrasting kinase activation in lesional skin from solvent- to parsaclisib-treated mice. STING interaction modules are shown at the medium confidence level. Thickness of the lines indicates the strength of the predicted interaction. Colors of kinases are randomly selected. Differently activated kinases that did not have any connections to other kinases were excluded from the networks. *p<0.05, **p<0.01, scale bar=100 µm.






Figure 4 | Parsaclisib improves the clinical outcome in antibody transfer-induced MMP. C57BL/6J mice were injected every other day with 6 mg of rabbit anti-mLAMα3 IgG (n=15/group) or normal rabbit (NR) IgG (n=6) for a total of 12 days. Administration of MP, solvent or parsaclisib (0.3, 1, or 3 mg/kg) was initiated on day 0 of the experiment and continued until day 11. (A) Percentage of affected body surface area was determined at days, 0, 4, 8 and 12. Representative clinical images of the mice at day 12. Data are shown as mean ± SD (B) High-resolution endoscopy of mouth oral cavity (i.e., pharyngeal mucosa, tongue, and right/left buccal) was conducted to determine the extent of oral lesions at day 12. Data are shown as scatter blot, including mean ± SEM. Representative pictures of oral cavity. Arrows indicate mucosal lesions, asterisks indicate teeth. PamGene kinome analysis of lesional skin treated with solvent vs. 3 mg/ml parsaclisib (n=3). (C) The mean fluorescence intensity of IgG binding to the dermal-epidermal junction was analyzed in ears or cheek (oral mucosa), respectively at the final end point. (D) The cumulative histological score index (amount of skin infiltration, epidermal thickening and split formation at the DEJ) of ears, or mucosa was analyzed at day 12. (C, D) Data are shown as Tukey’s box-and-whisker plots. ANOVA on ranks (Kruskal-Wallis) was applied followed by a Dunn´s multiple comparison test. String database analysis of kinases that are modulated by parsaclisib in (E) perilesional skin and (F) mucosa; contrasting kinase activation from solvent- to parsaclisib-treated mice. STING interaction modules are shown at the medium confidence level. Thickness of the lines indicates the strength of the predicted interaction. Colors of kinases are randomly selected. Differently activated kinases that did not have any connections to other kinases were excluded from the networks. *p<0.05, ***p<0.001, ****p>0.0001.






Figure 5 | Parsaclisib does not affect antibody transfer-induced EBA. C57BL/6J mice were injected every other day with rabbit anti-mCOLvWFA2 IgG (n=17/group) or normal rabbit (NR) IgG (n=5) for a total of 12 days. Administration of methylprednisolone (MP), solvent or parsaclisib (0.3, 1, or 3 mg/kg) was initiated on day 0 of the experiment and continued until day 11. (A) Percentage of affected body surface area was measured at days, 0, 4, 8 and 12. Representative clinical images of the mice at day 12. Data are shown as mean ± SD. (B) To visualize IgG binding to the dermal-epidermal junction, ear skin was stained for anti-mouse IgG (green) and nuclei (DAPI, blue). Representative direct IF pictures and mean fluorescent intensity of IgG binding. (C) Representative H&E-stained ear skin at the end of the experiment. The cumulative histological score index (amount of skin infiltration, epidermal thickening and split formation at the DEJ) was analyzed in lesional back skin. (B, C), data are shown as Tukey’s box-and-whisker plots. ANOVA on ranks (Kruskal-Wallis) was applied followed by a Dunn´s multiple comparison test. (D) PamGene kinome analysis of lesional skin treated with solvent or 3 mg/ml parsaclisib (n=3), respectively. String database analysis of kinases that are modulated by parsaclisib; contrasting kinase activation in lesional skin from solvent- to parsaclisib-treated mice. STRING interaction modules are shown at the medium confidence level. Thickness of the lines indicates the strength of the predicted interaction. Colors of kinases are randomly selected. Differently activated kinases that did not have any connections to other kinases were excluded from the networks, Scale bar=100 µm.



In immunization-induced EBA and antibody transfer-induced MMP, PI3Kδ was linked to the kinase activation signatures when compared to healthy skin (Figure 1), as well as when comparing lesional skin in mice treated with solvent to lesional skin of mice treated with parsaclisib (Figures 3D, 4C). In antibody transfer-induced EBA, PI3Kδ showed only few connections to the network when contrasting healthy versus lesional skin, and no interactions were observed comparing lesional skin of mice treated with solvent to those that were treated with parsaclisib (Figure 5B). Thus, the interaction of PI3Kδ with the kinase activation signature in inflamed skin, is associated with a favorable treatment outcome using a PI3Kδ-selective inhibitor.




Discussion

We here determined the cutaneous kinase activation signatures in three different experimental pemphigoid disease models. Interestingly, kinase activation was unique in antibody transfer-induced MMP, antibody transfer-induced EBA and immunization-induced EBA. The differences between the two models based on antibody transfer is most likely due to the fact that different autoantigens, LAMα3 in MMP versus COL7vWFA2 in EBA, are targeted by the autoantibodies. Furthermore, B6 mice were used in the antibody transfer models, while the MHC-congenic B6.s strain was used for immunization-induced EBA. All other experimental conditions, i.e., animal facility, time of experiment and experimenters, were similar. This finding underscores that, also on a molecular level, pathways associated with disease pathogenesis are different between MMP and EBA. The differences in cutaneous kinase activation observed between antibody transfer- and immunization-induced EBA were rather unexpected. However, given their functional validation, i.e., different treatment outcomes after PI3Kδ inhibition, underscores their validity. The difference in the “age” of the lesions most likely contributes to the observed difference: Samples from antibody transfer-induced EBA were obtained 12 days after the first pathogenic IgG injection. Here, first lesions appeared on day 4. Hence, the cutaneous kinase signature represents early disease development. By contrast, skin samples from immunization-induced EBA were obtained at week 4 after allocation into treatment groups. Given that skin lesions develop 3-8 weeks after immunization (35), the kinome signature observed herein most likely reflects kinase activation profiles of chronic EBA skin lesions. This may be a limitation of our study. We, however, believe that the correlation of kinome signatures with treatment outcomes underscores the overall validity of the findings.

The treatment with the PI3Kδ-selective inhibitor parsaclisib showed a differential response that correlated with the integration of PI3Kδ into the cutaneous kinome activity. In those experimental models that revealed an integration of PI3Kδ into the kinome activation network, i.e., antibody transfer-induced MMP and immunization-induced EBA, treatment with parsaclisib impaired disease induction or progression of already established disease. These findings independently validate previous findings using another PI3Kδ inhibitor (LAS191954) in immunization-induced EBA (20). The potentially clinically most relevant findings are the observations in the MMP mouse model: Here, both methylprednisolone and parsaclisib partially blocked induction of skin lesions. Mucosal (oral) lesions were, however, amendable to parsaclisib but not methylprednisolone treatment. Given that MMP is still difficult to treat, with the risk of blindness in ocular involvement (46), PI3Kδ inhibition may potentially improve mucosal outcomes in MMP. Of note, parsaclisib did not have an impact on clinical disease manifestation in antibody transfer-induced EBA. The correlation of PI3Kδ integration of the cutaneous kinome signature with treatment outcomes indicates that determination of kinase activity may be useful to predict treatment outcomes in patients. While no signal transduction inhibitors are approved for pemphigoid diseases, this could be translated in patients with psoriasis and atopic dermatitis, where several small molecule kinase inhibitors have recently been licensed (47, 48).

In previous studies the PI3Kδ inhibitor LAS191954 slightly, but significantly, impaired induction of EBA in the same model (20). These differences may be due to additional, uncharacterized selectivity of the inhibitors. This assumption also stems from the observation of a unique impact of these two inhibitors regarding IL-8 induced PMN migration: LAS191954 reduced IL-8 induced PMN migration, whereas parsaclisib had no effect. Furthermore, distinct in vivo pharmacokinetics may also contribute to the observed differences in modulating antibody transfer-induced EBA.

In conclusion, kinase activation signatures of inflamed skin, herein exemplified by pemphigoid diseases, correlate with the therapeutic outcomes following kinase inhibition, herein exemplified by a PI3Kδ inhibitor. However, in this regard our study is not without limitations because cutaneous kinase activation profiles and treatments were performed in different mouse strains. In perspective, this could be addressed in a proof-of-concept pre-clinical trial, where in immunization-induced pemphigoid disease, cutaneous kinome signatures are determined, followed by a kinase inhibitor treatment that has the best fit to the determined network of each individual.
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Bullous pemphigoid (BP), the by far most frequent autoimmune subepidermal blistering disorder (AIBD), is characterized by the deposition of autoantibodies against BP180 (type XVII collagen; Col17) and BP230 as well as complement components at the dermal-epidermal junction (DEJ). The mechanisms of complement activation in BP patients, including the generation of C5a and regulation of its two cognate C5aRs, i.e., C5aR1 and C5aR2, are incompletely understood. In this study, transcriptome analysis of perilesional and non-lesional skin biopsies of BP patients compared to site-, age-, and sex-matched controls showed an upregulated expression of C5AR1, C5AR2, CR1, and C3AR1 and other complement-associated genes in perilesional BP skin. Of note, increased expressions of C5AR2 and C3AR1 were also observed in non-lesional BP skin. Subsequently, double immunofluorescence (IF) staining revealed T cells and macrophages as the dominant cellular sources of C5aR1 in early lesions of BP patients, while C5aR2 mainly expressed on mast cells and eosinophils. In addition, systemic levels of various complement factors and associated molecules were measured in BP patients and controls. Significantly higher plasma levels of C3a, CD55, and mannose-binding lectin-pathway activity were found in BP patients compared to controls. Finally, the functional relevance of C5aR1 and C5aR2 in BP was explored by two in vitro assays. Specific inhibition of C5aR1, resulted in significantly reduced migration of human neutrophils toward the chemoattractant C5a, whereas stimulation of C5aR2 showed no effect. In contrast, the selective targeting of C5aR1 and/or C5aR2 had no effect on the release of reactive oxygen species (ROS) from Col17-anti-Col17 IgG immune complex-stimulated human leukocytes. Collectively, this study delineates a complex landscape of activated complement receptors, complement factors, and related molecules in early BP skin lesions. Our results corroborate findings in mouse models of pemphigoid diseases that the C5a/C5aR1 axis is pivotal for attracting inflammatory cells to the skin and substantiate our understanding of the C5a/C5aR1 axis in human BP. The broad expression of C5aRs on multiple cell types critical for BP pathogenesis call for clinical studies targeting this axis in BP and other complement-mediated AIBDs.
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Introduction

Bullous pemphigoid (BP) is the most common subepidermal autoimmune blistering skin disease (AIBD) and primarily affects the elderly (1, 2). In central Europe and North America, the incidence is 13 to 42/million/year (3–7). In Northern Germany, the incidence of BP has recently been prospectively calculated to be 19.6 patients/million/year (8). BP is characterized and caused by autoantibodies against the hemidesmosomal BP180 (collagen type XVII, Col17) and BP230, which are expressed in basal keratinocytes abutting the dermal-epidermal/epithelial junction (DEJ) (1, 2). Clinically, BP typically presents with tense blisters, erosions, and urticarial plaques (9). Autoantibodies against Col17-NC16A and BP230 can be detected in the sera of approximately 70-90% and 50-60% of BP patients, respectively (10, 11) and deposit along the DEJ of skin and adjacent mucous membranes (12–15). A dense inflammatory infiltrate composed of mainly eosinophils and lymphocytes with accompanying macrophages and neutrophils is present in the upper dermis (16–18). The release of specific enzymes and reactive oxygen species (ROS) from granulocytes eventually leads to dermal-epidermal/epithelial separation (19–22).

Of note, the vast majority of BP patients exhibits C3c deposition along the DEJ (23), suggesting that complement-dependent pathway activation contributes to lesion formation. This view is supported by several studies in the neonatal mouse model of BP. In this model, complement activation, particular of the classical pathway, was shown to be essential for lesion formation (24–26). Accordingly, mutated non-C1q-binding anti-Col17 IgG1 was unable to induce skin lesions in neonatal COL17-humanized mice. In line, in an adult mouse model, C5-deficient mice developed only about half of skin lesions after injection of anti-Col17 IgG compared to wildtype animals (27, 28). In contrast to experimental models of BP, data about the relevance of complement activation in the human disease are rather scarce. In patients with BP, the intensity of C3 deposits in the skin and the capacity of sera to fix complement in vitro is well-established. In fact, the so-called complement fixation test correlated with disease activity (29, 30). In the same assay, the C3-fixing capacity of BP sera was abolished by addition of a C1s inhibitor (31). The same C1s inhibitor partially or completely abrogated C3c deposition at the DEJ in a phase I study in 4 of 5 BP patients (32).

Treatment of BP is still based on long-term use of systemic or superpotent topical corticosteroids that may be combined with potentially corticosteroid-sparing agents such as dapsone, doxycycline, methotrexate, azathioprine or mycophenoles (33–37). These regimens are associated with a high number of relapses and considerable adverse effects and are, in part, responsible for the increased mortality in BP (38–40). As such, there is a high medical need for safer and more effective treatment options for this fragile patient population (41, 42). Among the innovative treatment concepts, including inhibitors of IL-4R, IL-5R, IL-17, FcRn, and eotaxin, specifically targeting complement activation appears to be an attractive approach based on the data obtained in various mouse models of BP (16, 43–47).

To obtain insight into the complement system in human BP, we here comprehensively studied the complement activation in early skin lesions and in the blood of BP patients. We determined the expression pattern of C5aR1 and C5aR2 in early BP skin lesions and assessed systemic complement activation in plasma of BP patients. We also found strong upregulation of C5aR1 and C5aR2 in innate and adaptive immune cells as well as a functional role of autoantibody-mediated complement activation in this disease. Collectively, our data point toward an important role for C5aR1 activation in human BP which makes this receptor an attractive novel therapeutic target for this fragile patient population.



Material and methods


Human material

Sera, plasma, and skin samples from patients with BP, patients with non-inflammatory/non-infectious dermatoses dermatoses, and healthy individuals were collected at the Department of Dermatology at the University of Lübeck. The criteria for inclusion of BP patients were (i) compatible clinical picture without predominant mucosal involvement, (ii) linear deposits of IgG and/or C3c at the DEJ by direct IF microscopy of a perilesional biopsy, (iii) labelling of serum IgG at the epidermal side of 1 M-NaCl-split human skin by indirect IF microscopy, and (iv) circulating IgG against BP180-NC16A by ELISA (Euroimmun, Lübeck, Germany) or against LAD-1 by immunoblotting with conditioned concentrated medium of cultured HaCaT cells (48). Disease activity was measured by the bullous pemphigoid disease area index (BPDAI) (49). EDTA plasma, serum, and skin biopsies from BP patients were taken at the time of diagnosis before systemic therapy was initiated. All BP patients showed a classical BP phenotype with tense blisters and erosions. Since these samples are taken perilesionally and do not show fully developed lesions and as such, may reflect the early phase of the tissue destruction and inflammation, these samples were referred to as “early BP lesions” throughout the manuscript. This term does not mean to describe patients with non-bullous, premonitory, or urticarial BP. As control EDTA plasma, serum, and skin biopsies were taken from site-, age- ( ± 2 years), and sex-matched patients with non-inflammatory dermatoses dermatoses (mostly basal cell or squamous cell carcinoma). Polymorphonuclear leukocytes (PMNs) isolated from blood of healthy individuals was used for ROS release and chemotaxis assays. For the ROS release assay, immunoadsorption material of BP patients diagnosed as described above was employed. Sera and plasma were stored at -80°C until analyzed. For RNA sequencing skin samples were stored at -80°C. Paraffin embedded skin biopsies were utilized to perform immunohistochemistry analyses. Of note, two separate cohorts of BP patients were used: the RNA sequencing cohort (perilesional and non-lesional skin) and the immunohistochemistry cohort (perilesional skin). The studies were approved by the ethics committee of the University of Lübeck (18-046, 15-051, and 09-140) following the Declaration of Helsinki.



RNA sequencing

To provide a detailed profile of complement activation in BP skin, mRNA expression of complement factors, complement receptors, and related molecules was analyzed by RNA sequencing. RNA of punch biopsies of perilesional BP skin (n=10), site-matched non-lesional BP skin (n=10) taken from the same patients at the same timepoint, and site-matched skin from age- and sex-matched patients with non-inflammatory dermatoses (n=10), subsequently referred to as control subjects, was isolated by InnuSPEED Tissue RNA kit (Analytik Jena, Upland, CA, USA) according to manufacturer’s instruction. The quality of total RNA was determined using Agilent 2100 Bioanalyzer system (Agilent Technologies, Santa Clara, CA, USA). Library preparation was performed by TruSeq® stranded mRNA library preparation kit (Illumina, San Diego, CA, USA) using 1 µg of total RNA per sample. Samples were sequenced on an Illumina NextSeq500 by using 75-bp paired-end reads (Illumina). RNA sequencing data was analyzed using the OmicSoft Suite (Qiagen, Hilden, Germany) and aligned to the Human.B38 reference genome using the OmicsoftGenCode.V33 gene model. Principle component analysis was applied to assess data quality which was based on aligned reads with one healthy control sample being identified as an outlier and removed from the downstream analysis. Finally, differentially expressed genes were identified between the three samples groups using pairwise analysis with DESeq (OmicSoft) as described previously (50, 51).



Immunohistochemistry

Expression of the highly differentially upregulated genes C5AR1 and C5AR2 was further studied on the protein level by immunohistochemistry. Punch biopsies of perilesional skin of BP patients (n=9) and controls (n=4) with non-inflammatory/non-infectious dermatoses matched for biopsy site, age, and sex were used. Here, perilesional skin was defined as skin without subepidermal splitting as verified by H&E-stained sections. Briefly, formalin-fixed, paraffin-embedded, 6-µm-thick tissue sections on Superfrost Plus™ slides (ThermoFisher Scientific, Dreieich, Germany) were deparaffinized in xylene and then dehydrated with graded ethanol series. Antigenicity was restored using heat-induced or proteolytic-induced epitope retrieval. For heat-antigen retrieval, sections were incubated in citrate buffer solution (pH 6.0) for 10 min in a pressure cooker. For enzymatic antigen retrieval, sections were subjected to pepsin digest-ALL 3 solution or proteinase K (both ThermoFisher Scientific) for 10 min at 37°C. Afterwards, slides were washed with PBS/0.05% Tween20 and blocked with 5% (v/v) normal donkey serum (Jackson ImmunoResearch Laboratories, Suffolk, UK) for 1 h at room temperature (RT). To identify the cellular site(s) of C5aR expression, we performed co-staining of rabbit anti-human C5aR1 (#PA5-32683, ThermoFisher Scientific) or C5aR2 (#PA5-33374, ThermoFisher Scientific) antibody with mouse anti-human myeloperoxidase (MPO; clone 392105, R&D Systems, Minneapolis, MN, USA) for neutrophils, mast cell tryptase (MCT; clone AA1, DAKO, Glostrup, Denmark) for mast cells, CD3 (clone F7.2.38, DAKO) for T cells, eosinophil peroxidase (EPX; clone MM25-82.2, Mayo Clinic, Scottsdale, AZ, USA) for eosinophils, and CD68 (clone PG-M1, DAKO) for macrophages. Following overnight incubation at 4°C, slides were washed and incubated with Alexa Fluor 594-AffiniPure donkey anti-rabbit IgG (Jackson ImmunoResearch Laboratories) and Alexa Fluor 488 goat anti-mouse IgG (ThermoFisher Scientific) for 1 h at RT. Slides were then washed and mounted with DAPI Fluoromount G (Southern Biotech, Birmingham, AL, USA). Normal rabbit IgG (Bio X Cell, Lebanon, NH, USA) and mouse IgG1, IgG2a, IgG2b, and IgG3 (all Biolegend, San Diego, CA, USA) served as controls. Images were acquired on a Keyence BZ-9000E series microscope (Keyence GmbH, Neu-Isenburg, Germany) and analyzed using a BZII analyzer (Keyence GmbH). Cell numbers were determined by counting fluorescent cells in relation to DAPI positive cells in 5 visual fields of 2 sections at 40-fold magnification.

The specificity of the C5aR2 antibody was evaluated using a synthetic C5aR2 peptide (peptides&elephants, Hennigsdorf, Germany). The synthetic peptide contains the amino acid sequence (RRLHQEHFPARLQCVVDYGGSSSTEN) of the immunogen used to generate the anti-C5aR2 antibody (#PA5-33374, ThermoFisher Scientific). Different amounts of the peptide (dose range, 0.1-50 µg) were first co-incubated with 10 ng of the anti-C5aR2 antibody for 3 h at RT. The antibody with and without the peptide was then used to stain randomly selected perilesional BP skin sections following the standard protocol. Isotype control antibody as well as C5aR2-specific antibody co-incubated with a non-relevant peptide (50 µg) served as controls.



ELISA for complement and complement-related factors

EDTA plasma and serum from BP patients (n=10 plus one 6-month follow-up of 4 patients) and age- and sex-matched controls (n=10) was used to determine levels of complement and complement-related factors as well as the different complement pathways. Of note, plasma samples were stored at -80°C within 30 min after venipuncture. 9 of 10 BP patients, whose serum samples were used for ELISA in our study, showed C3c deposition along the dermal-epidermal junction. EDTA plasma samples were subjected to CD55 ELISA (Abcam, Milton, UK), C5b-9 ELISA (BD Biosciences, Franklin Lakes, CA, USA), C3a ELISA (Quidel, San Diego, CA, USA), C5a ELISA (DRG International, Springfield, NJ, USA), Factor H ELISA (R&D Systems Europe, Abingdon, UK), and Factor B ELISA (Abcam) according to the manufacturers’ instructions.

Activities of the classical, alternative, and mannose-binding lectin pathways were determined in serum by the corresponding Wieslab® immunoassay following the manufacturer’s instructions (SVAR, Malmö, Sweden). In detail, the wells of the microtiter strips were coated with specific activators of the respective pathway. This in combination with the composition of sample dilution buffer and the level of patient serum dilution ensured that only the respective pathway was activated. During the incubation of the diluted patient serum, complement was activated by the specific coating. Wells were then washed and the amount of C5b-9 complex formed on the plate surface was detected with a specific alkaline phosphatase labelled antibody to the C5b-9 neoantigen formed during formation of the membrane attack complex. Absorbance was read at 450 nm (CD55, C5b-9, C3a, C5a, factor H, and factor B) and 405 nm (pathway assays) using a GloMax plate reader (Promega, Mannheim, Germany). In addition, the ELISA results were correlated with the patients’ BPDAI.



Chemotaxis assay

The migration of human PMNs towards C5a was tested using 6.5 mm transwell plates with 3-µm pore inserts (Corning Inc., Kennebunk, ME, USA) as described previously (52) with the following modifications. Isolated PMNs from healthy volunteers were resuspended to a density of 6×106 cells/ml in complete RPMI-1640 medium (RPMI-1640 containing 1% fetal calf serum, 2 mM L-glutamine, 100 U/ml penicillin, and 100 µg/ml streptomycin). The bottom wells were filled with 800 µl of complete RPMI-1640 medium containing recombinant C5a (Hycult Biotech, Uden, The Netherlands) at a final concentration of 12.5 nM. Thereafter, 200 µl of cell suspension were pre-incubated without or with C5aR (ant)agonists, including  PMX53 (a C5aR1 antagonist, 10 µM) (53), P32 (a C5aR2 (ant)agonist, 100 µM) (54) or A8D71-73 (a C5aR1/C5aR2 double antagonist, 12.5 µM) (55) at 37°C for 5 min. Subsequently, cells were seeded on a transwell insert and incubated for 1 h at 37°C and 5% CO2. Afterward, non-migrated cells from the transwell insert and migrated cells from the bottom well were recovered separately. The number of migrated cells was determined by Cytek Aurora flow cytometer (Cytek Biosciences, Fremont, CA, USA). Finally, the percentage of chemotactic PMNs was calculated by dividing the number of migrated cells by the total number of recovered cells from the transwell insert and the respective bottom well. As negative control, isolated PMNs were seeded on a transwell insert without addition of C5a to the bottom well to correct for cells that passed the pores due to chemokinesis.



Immune complex-induced reactive oxygen species release assay

A LumiTrackTM high binding 96-well-plate (ThermoFisher Scientific) was coated with immune complexes consisting of recombinant tetrameric form of BP180 NC16A (Euroimmun) at a final concentration of 5 µg/ml and 1:10 diluted BP immunoadsorption material. Human PMNs were purified from healthy individuals following the Polymorphoprep protocol (PROGEN Biotechnik, Heidelberg, Germany). After erythrocyte lysis and centrifugation, cells were resuspended in chemiluminescence medium (containing RPMI-1640 without phenol red, 1% fetal calf serum, 1 g/ml glucose, and 25 mM HEPES). Then, we seeded 200 µl of PMNs (with a density of 1×106 cells/ml) in each well with or without C5aR (ant)agonists, including PMX53, P32 or A8D71-73 at final concentrations of 0.1-10 µM. PMX-53 and P32 were kindly provided by Dr. Trent Woodruff, University of Queensland, Australia. As negative controls, PMNs with or without antigen or antibody were used. After addition of luminol (Sigma-Aldrich, Hamburg, Germany) at a final concentration of 0.2 mM chemiluminescence was immediately measured by a luminescence reader (GloMax® Discover System, Promega) for a period of ∼2 h at 37°C (56).



Statistics

All data were analyzed and plotted using GraphPad Prism (Version 8, GraphPad Software, San Diego, CA, USA). All data are presented as mean ± standard error of the mean (SEM). For comparison of two groups, we used t-test. Unless indicated otherwise, a two-way ANOVA with Holm-Šídák’s multiple-comparisons test was performed to determine significance. Differences were considered as statistically significant at p-values of *, p≤ 0.05; **, p ≤ 0.01; and ***, p ≤ 0.001.




Results


Early skin lesions of BP patients comprise upregulated mRNA levels of complement factors and receptors including C5AR1 and C5AR2

In order to unravel complement gene expression in BP patients’ skin RNA sequencing was performed in early BP skin samples, i.e., in biopsies from perilesional skin. Site-matched biopsies from non-lesional, i.e., clinically normally- appearing BP skin, and site-matched skin from age- and sex-matched controls with non-inflammatory/non-infectious dermatoses served as controls. Analysis of RNA sequencing data focused on complement and complement-related genes. Differentially expressed complement-related genes in (i) BP perilesional skin vs. control patient skin, (ii) BP non-lesional skin vs. control patient skin, and (iii) BP perilesional skin vs. BP non-lesional skin are shown in the heatmap of Figure 1A. Significantly elevated mRNA expression of C5AR1 (false discovery rate (FDR), 0.0007) and C5AR2 (FDR, 0.0035) were found between perilesional BP skin and control patient skin (Figures 1B, C). Significantly higher mRNA levels of C5AR2 (FDR, 0.000093) were also seen in non-lesional BP skin samples compared to controls (Figure 1C).




Figure 1 | Transcriptome analysis identified C5AR1 and C5AR2 to be highly upregulated in early bullous pemphigoid (BP) skin lesions. (A) Heatmap of the complement and complement-related genes. RNA sequencing was performed on perilesional and site-matched non-lesional skin biopsies from BP patients (n=10) as well as site-matched biopsies from age- and sex-matched control subjects (n=9). Blue-red color bar: blue represents low gene expression and red high gene expression. (B, C) Box plots indicate the distribution of the relative mRNA expression levels of C5AR1 (B) and C5AR2 (C) in perilesional (purple) and site-matched non-lesional skin biopsies (green) from BP patients compared to the controls (blue). Plots were based on normalized and log2 transformed FPKM values and the identification of differentially expressed genes was conducted by DESeq2. FPKM, fragments per kilobase of transcript per million mapped reads; FDR, false discovery rate. *, FDR <0.05, **, FDR <0.01; **, FDR <0.001; n.s., not significant. , ***p ≤ 0.0001.



We also detected significantly increased mRNA levels of other complement receptors as well as complement factors and associated proteins, including CR1, C3AR1, C1QB, C1QC, and C1QTNF1 (FDR, 0.004; 0.0021; 0.0017; 0.0075, and 0.0078, respectively), in perilesional BP skin compared to site-matched skin of controls (Figure S1). No significantly elevated mRNA levels of CD46 (FDR, 0.4412), CD59 (FDR, 0.7226), and CD55 (FDR, 0.9936) were found in early BP skin lesions compared to both non-lesional skin and skin of controls (Figure S2).



In early skin lesions of BP patients, T cells and macrophages predominantly express C5aR1, whereas mast cells and eosinophils are the main sources of C5aR2 expression

To corroborate the RNA sequencing results at the protein level and identify the cellular sources of C5aR1 and C5aR2, immunohistochemical staining of C5aR1 and C5aR2 was performed in perilesional skin of BP patients and site-, age-, and sex-matched controls. In line with previous reports (16–18), the inflammatory infiltrate in BP skin lesions was dominated by T cells, eosinophils, neutrophils, and macrophages (17, 18). To map the expression sites of C5aRs, double-stainings of C5aR1 and C5aR2 on perilesional BP skin along with immune cell markers of these cells, i.e., CD3 (for T cells), eosinophil peroxidase (for eosinophils), myeloperoxidase (for neutrophils), CD68 (for macrophages) as well as mast cell tryptase (for mast cells) were performed (Figure 2). The highest frequency of C5aR1 expression was observed in macrophages (73%) and T cells (47%), respectively. The frequency of C5aR1 expression was lower in eosinophils (42%) and neutrophils (40%). Only 20% of mast cells stained positive for C5aR1 (Figure 3A). When C5aR1 expression was quantified in relation to the total C5aR1 expression of all inflammatory cells, T cells and macrophages appeared as the main cellular sources accounting for 43.8% and 23.2% of the total C5aR1 expression, respectively (Figure 3B). Besides, C5aR1 and C5aR2 expression was also detected on keratinocytes and endothelial cells (Figure S3).




Figure 2 | Double immunofluorescence (IF) staining revealed the cellular sources of C5aR1 and C5aR2 in early bullous pemphigoid (BP) skin lesions. IF staining on perilesional skin of BP patients (n=9) shows colocalization of C5aR1 (red) or C5aR2 (red) and cellular markers (green) on infiltrating T cells (CD3), macrophages (CD68), eosinophils (eosinophil peroxidase, EPX), neutrophils (myeloperoxidase, MPO), and mast cells (mast cell tryptase, MCT). Double positive cells appear in yellow. Stainings with isotype antibodies (Isotype) served as controls. DAPI staining of nuclei is shown in blue. Scale bars, 100 µm.






Figure 3 | In early skin lesion of bullous pemphigoid (BP), T cells are the main source of C5aR1, while C5aR2 is predominantly expressed on mast cells and eosinophils. (A, C) Quantification of C5aR1- (A) and C5aR2-expressing cells (C) in perilesional BP skin samples (n=9) as determined by IF staining detailed in Figure 2. (B, D) Pie charts show the percentage of C5aR1- (B) and C5aR2-expressing cells (D) in relation to all inflammatory cell subsets in perilesional skin of BP patients.



Since only few studies have addressed the expression of C5aR2 in human tissues, we first set out to validate the specificity of the anti-C5aR2 antibody. When increasing amounts (0.1, 0.5, 1.0, 5, 25, and 50 µg) of the synthetic C5aR2 peptide, used to generate the anti-C5aR2 antibody, were added to the chosen dilutions of the anti-C5aR2 antibody, we found a dose-dependent reduction and a complete abolishment of C5aR2 staining at 25 µg and 50 µg C5aR2 peptide, confirming the C5aR2 specificity of the anti-C5aR2 antibody (Figure S4).

We found that 95% of mast cells and 65% of eosinophils stained positive for C5aR2, but only 25% of macrophages, 19% of neutrophils, and 2% of T cells (Figure 3C). Mast cells and eosinophils showed the highest contribution to the total C5aR2 expression with 38.2% and 33.0%, respectively (Figure 3D). As expected, skin samples of controls only contained few inflammatory cells and very lower numbers of C5aR1- or C5aR2-positive cells (Figure S5).



BP patients exert elevated plasma levels of C3a, CD55, and components of the lectin pathway

After having addressed the local complement activation in the skin of BP patients, we subsequently studied the systemic complement activation by measuring classical-, alternative-, lectin- and terminal pathway activity as well as the anaphylatoxins C3a and C5a and some complement regulators in plasma of BP patients with active disease at the time of diagnosis. Plasma of age- and sex-matched patients with non-inflammatory skin diseases served as controls.

We found significantly elevated plasma levels of C3a (p=0.0004) and CD55 (p=0.0091) as well as mannose-binding lectin-pathway activity (p=0.0208) in BP patients compared to controls (Figures 4A-C). In contrast, no significant differences were observed between plasma levels of C5a (p=0.3787), C5b-9 (p=0.1603), factor h (p=0.8148), factor b (p=0.2679), and the activity of the classical (p=0.1510) and alternative complement pathways (p=0.2526; Figures S6A-F). When plasma levels of the complement and complement-related factors as well as the pathway activities in BP patients were related with the BPDAI measured at the time when plasma was taken, no significant corrections were detected (Figures 4D-F, S6G-L).




Figure 4 | Elevated plasma levels of C3a and CD55 as well as elevated serum activity of mannose-binding lectin-pathway (LP) in patients with bullous pemphigoid (BP). (A-C) The plasma levels of C3a (A), CD55 (B), and serum activity of LP (C) in BP patients (n=10) were significantly increased compared to age- and sex-matched controls (n=10). (D-F) Plasma levels of C3a (D), CD55 (E), and serum activity of LP (F) in BP patients did not significantly correlate with disease activity as measured by the bullous pemphigoid disease area index (BPDAI). Differences between groups were analyzed by unpaired two-tailed t-test. *, p ≤ 0.05; **, p ≤ 0.01; ***, p ≤ 0.001.





Pharmacological targeting of C5aR1 and/ or C5aR2 reduces chemotaxis of human neutrophils towards C5a

In mouse models of pemphigoid diseases, neutrophils critically contribute to tissue damage, and complement activation at the DEJ is a major driver for the infiltration of these cells into the skin (19, 20, 25, 57–59). While C5aR1 has been shown to exert a strong pro-inflammatory effect in these mouse models, both pro- and anti-inflammatory effects of C5aR2 have been reported in mouse models of BP and BP-like epidermolysis bullosa acquisita (28, 52, 59–61). Thus, we assessed the individual contribution of human C5aR1 and C5aR2 activation for C5a-dependent migration of polymorphonuclear granulocytes in vitro using cells from healthy donors (Figure 5A). Consistent with previous data obtained with mouse neutrophils (28, 52), the C5aR1 inhibitor PMX53 (53) markedly reduced the migration of the neutrophils towards C5a as compared with untreated cells (p=0.0008; Figure 5B), demonstrating a critical role for C5aR1 in C5a-mediated chemotaxis. Similarly, the C5aR1/C5aR2 dual antagonist A8D71-73 (55) significantly reduced C5a-mediated chemotaxis (p=0.0177; Figure 5B). To assess the individual contribution of C5aR2 to C5a-induced chemotaxis we next treated neutrophils with the C5aR2-specific agonist P32 (54). In contrast, the C5aR2 agonist did not impact on the C5a-driven chemotaxis (p=0.9935; Figure 5B), suggesting that the contribution of C5aR2 to C5a-mediated chemotaxis of human neutrophils is minor.




Figure 5 | Pharmacological inhibition of C5aR1 significantly reduced the C5a-directed chemotaxis of normal human polymorphonuclear leukocytes (PMNs). (A) Flow cytometric gating strategy to identify human PMNs. Cells collected from the top insert and the bottom well of the transwells were pre-gated (area within the outline) using FSC-H vs. FSC-A to exclude cell debris, residual erythrocytes, and doublets. (B) Percentage of chemotactic PMNs in an in vitro migration assay towards C5a using transwell inserts. Chemotaxis of PMNs was induced by C5a in the presence of the C5aR2 agonist P32 (100 µM), the C5aR1 inhibitor PMX53 (10 µM), and the dual C5aR1/2 antagonist A8D71-73 (12.5 µM). Data were normalized to untreated cells. Cells not stimulated with C5a served as negative control. Results are compiled from four independent experiments with PMNs from different donors (n=4) and presented as mean ± SEM of migrated cells (percentage). Statistical analysis was performed using two-way ANOVA with Sidak’s multiple comparisons test. n.s., not significant; *, p ≤ 0.05; **, p ≤ 0.01, ***, p ≤ 0.001.





Inhibition of C5aR1 or C5aR2 does not affect the Col17-anti-Col17 IgG immune complex-mediated ROS release from normal human leukocytes

Previous findings demonstrated bidirectional cross-talk between C5aR1 and FcγRs (62). To test a potential impact of C5aR1 on IgG immune complex-driven FcγR activation on human leukocytes, we determined the release of reactive oxygen species (ROS) from human leukocytes. This assay determines ROS release from human leukocytes in response to stimulation with immune complexes of recombinant human Col17 and human anti-Col17 IgG, mimicking leukocyte binding at the DEJ in BP patients. The C5aR1 inhibitor PMX53, the C5aR2 agonist P32, and the C5aR1/2 inhibitor A8D71-73 did not affect the IgG immune complex-driven ROS release of human leukocytes (Figure 6), suggesting that the ROS release from Col17-anti-Col17 IgG-stimulated human leukocytes occurs independently of the C5a/C5aR axis.




Figure 6 | CaR1 and C5aR2 (ant)agonists have no effect on the reactive oxygen species (ROS) release from normal human polymorphonuclear leukocytes (PMNs) after stimulation with immune complexes (IC) of human Col17 and anti-Col17 IgG. PMNs of healthy volunteers (n=6) were activated with immobilized ICs of human Col17 and anti-Col17 IgG with or without the C5aR1 antagonist PMX53 (A), the C5aR2 agonist P32 (B), and the dual C5aR1/2 antagonist A8D71-73 (C) at three different concentrations (0.1, 1, and 10 µM). ROS release was tracked for 2 h and the AUC (cumulative values) of luminescence were calculated. Data were normalized to positive control (IC-stimulated PMNs). PMNs without or with antibody (anti-Col17 IgG) or antigen (Col17) served as negative controls. Results were pooled from six independent experiments with PMNs from different donors (n=6) and are presented as mean ± SEM. Data were analyzed using two-way ANOVA with Holm-Šídák’s multiple-comparisons test. n.s., not significant; AUC, area under curve.






Discussion

A convincing body of evidence for the pathogenic relevance of complement activation has previously been provided in various mouse models of pemphigoid diseases, including BP (24, 25, 27, 28, 60, 61, 63, 64). In particular, a central role of C5aR1 has been identified in these models (28, 60, 61, 65) supported by findings in other autoimmune disorders such as anti-myeloperoxidase glomerulonephritis, autoimmune uveitis, and psoriasis (66–68). The ample data about complement-mediated tissue destruction in mouse models of BP contrast with the scarcity of studies about the role of complement activation in patients suffering from BP. This is even more surprising since the labelling of C3c at the DEJ is a diagnostic hallmark of BP and found in 83-98% of patients (12, 23, 69, 70). The present study, therefore aimed at providing a detailed picture of local and systemic complement activation in BP patients and expression of complement receptors in skin lesions.

In an initial set of experiments, expression of complement factors in early BP skin lesions was studied by transcriptome analysis. Significantly higher mRNA levels of C5AR1 and C5AR2 were found in early BP skin lesions from perilesional skin biopsies compared to site-matched biopsies of age- and sex-matched controls. Furthermore, significantly higher mRNA levels of two other complement receptors, CR1 and C3AR1, as well as the complement components C1QB, C1QC, and C1QTNF1 were observed as compared with skin of control subjects. Of note, elevated expression of C5AR2 (FDR, 0.000093, Figure 1C) and C3AR1 (FDR, 0.0491, Figure S1B) was also observed in non-lesional BP skin compared to site-matched skin of controls. The latter results indicate that some components of the complement systems are activated even in macroscopically normal-appearing skin and may reflect an extremely early time point of skin inflammation shortly after IgG autoantibody binding to the DEJ. The relevance of upregulated expression of C3AR1 in non-lesional BP skin is yet unclear. In light of recent findings which associated C3 upregulation in trigeminal ganglions with itch in a chemical-induced mouse model of allergic contact dermatitis, it is tempting to speculate that the early upregulation of C3AR1 triggers itch sensation in BP (71), in particular as pruritus is present in nearly all BP patients and is not limited to areas with visible skin lesions (9). In line with this finding, elevated plasma levels of C3a were observed in BP patients in comparison to age- and sex-matched controls. Increased C3a levels have previously been observed in pruritic but not non-pruritic hemodialyzed patients (72). The previous finding that C3-deficient mice were susceptible to blister formation upon injection of anti-Col17 IgG argues against a direct contribution of this complement component in the development of visible skin inflammation and lesions of BP (73), but does not exclude its involvement in itch sensation. Interestingly, the expression level of C5AR2 in non-lesional BP skin was similar to perilesional BP skin and significantly increased compared to site-matched skin of controls. Based on the anti-inflammatory effect of C5aR2 in the mouse model of BP (28) this may be interpreted as a counterregulatory mechanism to reduce C5aR1-mediated attraction of neutrophils. Indeed, anti-inflammatory mediators and cells including IL-10 and pro-resolving lipid mediators as well as regulatory T cells have already been described in BP (11, 74).

Furthermore, elevated mRNA levels of C1QC, C1QB, and C1QTNF1 were observed in early BP skin lesions pointing towards a complex local network of activated complement factors in BP. This view is supported by data for complement regulatory proteins. These proteins regulate the enzymatic cascades, assembly of the membrane attack complex, and homeostasis of the complement system. Complement regulatory proteins include CD46 (membrane cofactor protein), CD59 (protectin), CD35 (CR1), and CD55 (decay accelerating factor) (75, 76), among others. Dysregulation of complement regulatory proteins directly affects the progression of several autoimmune diseases, such as systemic lupus erythematosus and rheumatoid arthritis (77). Here, we revealed increased mRNA levels of CR1 but not of CD46, CD55, and CD59 in perilesional BP skin. CR1 exerts a dual function as a phagocytic receptor for C3b-opsonized pathogens and a regulator of the C3/C5 convertases and co-factor for factor I to cleave C3b into iC3b, C3c, and C3dg. Its upregulation may point toward a counter-regulatory measure to control the amplification loop of the alternative pathway at the DEJ, where IgG immune complexes have bound and activated the complement cascade. Previous studies in BP reported downregulated CD55 expression (75), whereas CD46 levels were significantly enhanced in sera and blister fluids of BP patients, but its mRNA level was downregulated in BP skin lesions (78).

The complement genes with the most striking difference in mRNA expression between early BP skin lesions and skin of control subjects were C5AR1 and C5AR2. The anaphylatoxin C5a exerts its effector functions through binding to its two receptors, namely C5aR1 (CD88) and C5aR2 (GPR77, C5L2) (79). C5aR1 exerts a proinflammatory role in several autoimmune diseases, whereas the role of C5aR2 is still enigmatic, with both immune-activating and immunosuppressive functions in inflammatory disease models such as allergic contact dermatitis and allergic asthma (80–84). Therefore, we subsequently studied the expression of C5aR1 and C5aR2 in early BP skin lesions, i.e., skin biopsies taken directly adjacent to a blister or erosion but without microscopic split formation, by immunohistochemistry. Strong expression of both complement receptors were observed in early BP lesions compared to site-matched skin of age- and sex-matched controls. To address whether the increased expression of C5aR1 and C5aR2 is due to increased expression of the receptors on individual cells or rather increased cell numbers, the percentage of C5aR1 and C5aR2 expression cells was calculated. By double immunohistochemistry, we identified T cells and macrophages as the dominant cell types expressing C5aR1 and mast cells and eosinophils as the main cell types expressing C5aR2. Our findings align with the previous observation that C5aR1 and C5aR2 are expressed on human monocytes, but contrast with Arbore et al., who reported resting and activating T cells to preferentially express C5aR2 and only to a low extent C5aR1 in vitro (82, 85). In skin lesions of BP patients, T cells are the main producers of IL-17A (16–18, 86), a cytokine that has been shown to be essential for blister formation in the antibody transfer adult mouse model of BP (16). Macrophages, mast cells, and eosinophils are pivotal for lesion formation in the neonatal and local mouse models of BP, respectively (65, 87, 88). The importance of C5aR1 on mast cells for blister formation has been described in the neonatal mouse model of BP (65), however may be questioned for the human disease, since in the present study only 20% of mast cells expressed C5aR1 and mast cells only contributed to about 5% of C5aR1 expression in early BP lesions. In addition, expression of C5aRs was also detected on keratinocytes and endothelial cells. Induction of C5aR1 mRNA in keratinocytes under different inflammatory conditions has previously been described (89). A more recent study reported high expression of C5aR1 on keratinocytes in perilesional BP skin without further investigating the functional role of C5aR1 on these cells (45).

In addition to delineating the complex network of complement activation in early skin lesions of BP patients, we were interested in the systemic complement activation in BP patients. We found elevated plasma levels of C3a, CD55, and lectin pathway activity compared to age- and sex-matched controls. These data are in agreement with a previous report of the significant correlation of sCD46 and C3a in BP sera (78). In contrast, another study failed to show elevated plasma levels of C3a in BP patients (31). This discrepancy may be explained by our effort to freeze all BP plasma samples within 30 min after venepuncture. The lack of correlation between plasma levels of C3a, CD55, and lectin pathway activity with disease activity as measured by BPDAI leads us to conclude that local complement activation in the skin rather than in the circulation is of pathogenic relevance in patients with BP. The discrepant findings of the elevated levels of systemic C3a without a parallel increase of C5a and C5b-9 may be explained by the notion that C3a plasma levels are generally much higher than C5a levels. The rapid degradation process as well as the about 100-fold lower C5a levels compared to C3a levels render finding significantly different C5a levels in BP per se more difficult. Although BP is known to be mainly driven by the classical pathway (25, 27), we here observed an activation of the lectin pathway, whereas no significant activation of the classical pathway was found. Of note, the participants in the current study have already established BP. Hence, it is conceivable that, as shown in mice, the classical pathway of complement activation is the disease-initiating pathway, while the lectin pathway may serve as driver of continued complement activation during established disease. Clearly, further research will be necessary to clarify the role of lectin pathway activation in the development of BP.

It has been demonstrated that C5a initiates inflammation not only through its role as a cell activator and chemoattractant but also via its effects on FcγRs, suggesting an intriguing crosstalk between C5a and FcγR. Using an acute immune complex pulmonary hypersensitivity model, C5aR activation was found to be necessary to initiate neutrophil recruitment and a proinflammatory FcγR response (90, 91). Moreover, interaction between neutrophilic C5aR and FcγRIIa was shown to be essential for disease progression in a humanized mouse model of inflammatory arthritis (92). In the last two sets of experiments, we addressed the functional relevance of complement activation and its pharmacological targeting in two well-established in vitro assays (52, 56). It is known from mouse models of pemphigoid diseases that neutrophils play an important role in the pathogenesis of these diseases, particularly by releasing ROS (28). Hence, we here analyzed the effect of C5a-C5aR interaction on neutrophils as one of the main producers of ROS. A specific inhibitor of C5aR1, a dual inhibitor of C5aR1 and C5aR2, and a C5aR2 agonist did not alter the ROS release from normal human leukocytes after stimulation with human Col17-anti-Col17 IgG immune complexes. These results indicate that ROS release from immune complex-stimulated human leukocytes occurs independently of the C5a/C5aR axis. Besides, a previous study demonstrated that ROS production by eosinophils, detected here as the main cellular source of C5aR2, also requires FcγR activation (93). Therefore, it also possible that eosinophils may release ROS independently of the C5a/C5aR interaction, similar to neutrophils. Even though neutrophils did not appear as main source of C5aR expression, C5a generation from immune complex-stimulated neutrophils and C5a-mediated priming effects via C5aRs may allow neutrophils to generate ROS in response to immune complexes.

Subsequently, we demonstrated that the C5aR1 inhibitor and the dual C5aR1/C5aR2 inhibitor significantly reduced the chemotaxis of human neutrophils towards C5a, while no effect was seen with the C5aR2 agonist. These findings are in line with previous data obtained with cells from C5aR1- and C5aR2-deficient mice (28). Of note, neutrophils from C5aR2-deficient mice showed a decreased chemotaxis towards C5a, a finding that aligns with the reduced disease activity observed in C5aR2-deficient mice in the passive transfer mouse model of EBA, while in the passive transfer mouse model of BP, C5aR2-deficient mice developed significantly more skin lesions (28, 52). This discrepancy may be explained, at least in part, by different Fcγ receptors used in these models. In experimental BP, tissue destruction is mediated by FcγRIV and FcγRIII, whereas in the antibody transfer mouse model of EBA, it is restricted to FcγRIV (94, 95).

Collectively, our study highlights the complex network of complement activation in early BP skin lesions with upregulation of several complement factors, most strikingly of the two C5a receptors C5aR1 and C5aR2. Pathogenic relevant complement activation in BP primarily occurs in the skin and not in the circulation. Our neutrophil-based functional data suggest a minor contribution of C5aR2 to C5a-driven chemotaxis of cells; therefore, inhibition of C5aR1, in particular will be a promising therapeutic strategy for moderate and severe BP. Considering the complex network of complement activation in BP and the recent findings by Seiler et al., in the antibody-transfer mouse model of epidermolysis bullosa acquisita (52), it is well possible that C5aR2 also has a relevant role in the initiation of tissue destruction in BP. As such, the successful phase III study and the recent FDA-approval of the C5aR1 inhibitor avacopan in ANCA-associated vasculitis (96) and a promising phase II study with the LTB4/C5a inhibitor nomacopan in BP (unpublished), that led to the initiation of a phase III trial, may pave the way for effective complement-related therapies for this disease.
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Supplementary Figure 1 | mRNA levels of complement receptor and complement-associated genes are enhanced in early bullous pemphigoid (BP) skin lesions. (A-E) Dot-plot graphs depicting the relative RNA expression levels of differentially expressed genes, including CR1 (A), C3AR (B), C1QB (C), C1QC (D), and C1QTNF1 (E) between the three clinical groups: site-matched skin of age- and sex-matched controls (n=9), site-matched BP non-lesional skin (n=10), and BP perilesional skin (n=10). Plots were based on normalized and log2 transformed FPKM values and the identification of differentially expressed genes was conducted by DESeq2. FPKM, fragments per kilobase of transcript per million mapped reads; FDR, false discovery rate; *, FDR <0.05; n.s., not significant.

Supplementary Figure 2 | mRNA levels of CD46, CD59, and CD55 are not significantly altered in early bullous pemphigoid (BP) skin lesions compared to both non-lesional BP skin and skin of controls. (A-C) Dot-plot graphs depicting the relative mRNA levels of complement regulatory genes, including CD46 (A), CD59 (B), and CD55 (C) between the three clinical groups: site-matched skin of age- and sex-matched controls (n=9), site-matched BP non-lesional skin (n=10), and BP perilesional skin (n=10). Plots were based on normalized and log2 transformed FPKM values and the identification of differentially expressed genes was conducted by DESeq2. FPKM, fragments per kilobase of transcript per million mapped reads; FDR, false discovery rate; *, FDR <0.05; n.s., not significant.

Supplementary Figure 3 | Immunofluorescence staining showed expression of C5aR1 (A) and C5aR2 (B) on epithelial cells and vascular endothelial cells. DAPI staining of nuclei is shown in blue. Scale bars, 100 µm.

Supplementary Figure 4 | The specificity of the anti-C5aR2 antibody was validated by coincubation with increasing amounts of a C5aR2 peptide. Sections of randomly selected BP skin were stained with isotype control antibody (A), anti-C5aR2 antibody alone (B), and anti-C5aR2 antibody plus increasing amounts of the C5aR2 peptide (RRLHQEHFPARLQCVVDYGGSSSTEN), i.e. 0.1 (C), 0.5 (D), 1 (E), 5 (F), 25 (G), and 50 µg (H), respectively. A dose-dependent inhibition of the IF staining was seen with the increasing C5aR2 peptide amounts indicating a high specificity of the anti-C5aR2 antibody. Incubation of the anti-C5aR2 antibody with 50 µg of an irrelevant control peptide did not alter the IF staining (data not shown). Data are representative of results obtained from three experiments. Scale bars, 100 µm.

Supplementary Figure 5 | In site-matched skin biopsies of age- and sex-matched control patients (n=4), only few inflammatory cells were detected with low expression of C5aR1 (A) and C5aR2 (B).

Supplementary Figure 6 | Plasma levels of C5b-9, C5a, factor h, and factor b as well as serum activity of the classical (CP) and alternative complement (AP) pathways in patients with bullous pemphigoid (BP) and controls. (A-F) Plasma levels of C5b-9 (A), C5a (B), factor h (C), and factor b (D) as well as serum activity of the CP (E) and the AP (F) in BP patients (n=10) and age- and sex-matched controls (n=10) did not show significant differences. (G-L) Plasma levels of C5b-9 (G), C5a (H), factor h (I), and factor b (J) as well as serum activity of the CP (K) and the AP (L) in BP patients did not significantly correlate with diseases activity as measured by the bullous pemphigoid disease area index (BPDAI). Differences between groups were analyzed by unpaired two-tailed t-test. n.s., not significant.
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Background and aim

Pemphigus vulgaris (PV) is known to have one of the strongest HLA associations among autoimmune diseases. DRB1*0402 and DQB1*0503 in particular are significantly overrepresented in PV patients in certain worldwide populations. Yet, there remain significant gaps in our understanding regarding the precise link between PV-associated HLA molecules, the specificity of the autoimmune response, and clinical expression. In this study we assessed correlations between factors including HLA genotype, ethnicity, autoantibody levels, and lesion distribution in a cohort of 293 patients.



Methods and population

Participants were recruited from multiple outpatient dermatology clinic settings and patient support meetings in the USA. On intake, patients provided venous blood samples and answered questionnaires regarding their current disease activity.



Results

Eighty-one percent of patients typed as either DRB1*0402 or DQB1*0503 with a high prevalence of DRB1*0402 in patients of Ashkenazi Jewish or Caucasian (non-Jewish) descent (86% and 42%, respectively) and DQB1*0503 in patients of Southeast Asian descent (78%). Patients typing as HLA DRB1*0402 had higher levels of anti-desmoglein (Dsg)3 antibodies (204.6 +/- 340.5 IU/ml) than patients without DRB1*0402 (138.5 +/- 236.4 IU/ml) (p=0.03) and had mucosal only lesions more often than cutaneous only or mucocutaneous lesions. Patients typing as DQB1*0503 had higher levels of anti-Dsg1 antibodies (47.3 +/- 59.8 IU/ml) compared to other groups (27.8 +/- 43.7 IU/ml) (p=0.06) and higher rates of mucocutaneous disease than other lesion types. We also report an unexpected HLA association of DRB1*0804 in PV patients of African descent. Sixty-four percent of this population carried the DRB1*0804 allele, and presented with highly elevated levels of anti-Dsg3 (p=0.02). However, neither African heritage nor the presence of DRB1*0804 correlated with a predilection to any specific lesion morphology. Patients that carried neither DRB1*0402, nor DQB1*0503 or DRB1*0804 had the lowest levels of anti-Dsg3 antibodies (60.0 +/- 80.0 IU/ml) and the highest rate of solely cutaneous disease compared to carriers of these alleles.



Conclusion

Our data illuminate the broader impact of genetic factors on disease development by showing that differences in HLA expression among patients and ethnicities play a large role in driving distinct patterns of antibody selection and disease phenotype in PV. These findings provide insights regarding clinical heterogeneity, and are relevant to developing improved, patient tailored management strategies.
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Introduction

Pemphigus Vulgaris (PV) is a rare autoimmune blistering disorder characterized by mucosal and/or skin lesions due to the presence of autoantibodies against desmosomal proteins involved in cell-adhesion. Autoantibody binding leads to suprabasilar acantholysis in the epithelium resulting in superficial blisters that rupture easily and often present as open erosions. Like other autoimmune diseases, the etiology of PV is complex and multifactorial, involving genetic, environmental, and immunologic factors. Moreover, there is considerable clinical heterogeneity within given autoimmune diseases, including PV, that is unexplained and confounds clinical management. Numerous studies have reported a strong association between certain HLA alleles and PV, particularly the class II HLA alleles DRB1*0402 and DQB1*0503 (1). HLA alleles are major players in autoimmune development that predispose individuals to target self-antigens (2). These alleles are highly polymorphic genes of the major histocompatibility complex (MHC) coding for HLA class I and II molecules that are instrumental in antigen presentation for the initiation of immune responses, including those directed against self-antigens in the case of autoimmunity (3). While it is established that specific HLA alleles are a requirement for autoimmune development, the direct links between genetic susceptibility elements, the specificity of the autoimmune response and the ultimate clinical presentation of disease have not been clearly mapped.

There is some evidence in the literature indicating that carrying a particular HLA allele associated with a certain autoimmune condition may also influence disease presentation. For example, the DRB1*0103 allele is associated with the isolated colonic form of Crohn’s disease (4). In rheumatoid arthritis, a shared isotope involving 5 amino acids in the DRB1 locus is associated with earlier disease presentation and more severe bone erosions (5). For PV, the relationship between the expression of specific HLA alleles and disease presentation remains unclear, previous studies were limited by sample size and conflicting results (6–8). Svecova et al. reported that DRB1*0402 and DQB1*0302 were associated with more severe disease, but Le et al. conversely found that DRB1∗04 alleles are likely to be associated with mild and moderate disease. Notably these studies had no more than 50 PV patients per study, and the two conflicting studies are from Slovakia and India, two countries with relatively ethnically homogeneous populations.

Using a large biorepository of PV patients collected over two decades with well-annotated data on disease presentation, we set out to systematically assess for patterns linking a multitude of disease relevant parameters including ethnicity, HLA type, autoantibody levels, and lesion morphology. We confirm previously described HLA associations in well-studied ethnic populations, but also find an unexpected HLA association in the previously underrepresented group of PV patients of African descent. We also uncover associations of specific HLA allele expression with autoantibody profiles and phenotype. This information deepens our understanding of key pathogenetic mechanisms in PV that direct disease activity and underlie clinical heterogeneity, with relevance to improving management strategies targeted to patient subpopulations. This work illuminates previously unrecognized patterns linking genetic susceptibility, autoimmune specificity and disease phenotype.



Materials and methods


Patient population

Participants were enrolled into our autoimmune blistering disease biorepository via Dermatology outpatient clinics at Weill Cornell Medical College, Michigan State University, and the University at Buffalo, as well as annual meetings of the International Pemphigus and Pemphigoid Foundation (IPPF). The study was approved by the institutional review boards of all academic institutions involved (IRB number 0998-398, 05-1034, and 456887, respectively). All ethical guidelines were followed, including a written informed consent prior to enrollment.

Upon enrollment, patients with a biopsy confirmed diagnosis of PV provided information regarding demographics, disease history, lesion morphology, disease classification, family history, and past medical history. Patients also provided venous blood samples from which serum and DNA was isolated for immediate use or storage at -80°C for future use. Patients visiting more than once provided venous blood and current clinical information at subsequent visits when possible.

A total of 644 samples from 293 patients were included in this study. Patient demographic information can be found in Table 1. Pemphigus disease activity was determined using consensus guidelines created by the International Pemphigus Committee (9). Patients were considered to be active if they had 3 or more non-transient lesions (lasting longer than 1 week), experienced extension of existing lesions, or both.


Table 1 | Study population demographics.





Analysis of HLA

High resolution HLA typing was completed by PCR amplification using sequence specific primers at the Histocompatibility and Immunogenetics Laboratory at Michigan State University with commercial kits (One lambda, Thermo Fisher Scientific).



Detection of anti-Dsg3 and anti-Dsg1

Anti-Dsg3 and anti-Dsg 1 levels were determined via ELISA (RG-M7593-D; MBL Intl., Woburn, MA) as per manufacturer’s protocol using a 1:101 serum dilution or diluted further as needed if the serum antibody levels were higher than 140 U/ml. The kits detect immunoglobulin G (IgG) antibodies directed against Dsg3 and Dsg1, but do not distinguish between IgG subclasses. Levels of anti-Dsg3 and -1 are presented in IU/ml. In order to determine whether a given unit value is considered positive, for the purposes of this publication, a cutoff of >20IU/ml was utilized as per previous manufacturer recommendations. However, it should be noted that the current manufacturer recommended cutoff for anti-Dsg 3/1 stands at 36/37 U/ml, but that our own research group considers a cut-off of 10 U/ml positive (based on comparisons with our own healthy control population).



Detection of anti-thyroid peroxidase and anti-thyroglobulin levels

Anti-TPO ELISA and anti-Tg ELISA were completed via standard protocols using GenWay Biotech (San Diego, CA) kits (GWB-521202 and GWB-521201, respectively). These kits are able to detect immunoglobulin G (IgG) antibodies against TPO, but do not distinguish between subclasses of IgG. Anti-TPO positivity was defined as equal to or larger than 20IU/ml. This cutoff has been used in previous studies to determine anti-TPO positivity (10). Additionally, we determined that this cutoff resulted in 7.6% of our control population being positive for anti-TPO, which aligns with general findings that about 8% of healthy individuals present with anti-TPO positivity (11). Anti-Tg positivity was defined as equal to or larger than 5 IU/mL. This cutoff was determined statistically through our control subjects’ anti-Tg levels (mean and standard deviation (1.18 ± 2.03 IU/mL) and adding two standard deviations to the mean (5.24 IU/mL).



Statistical analysis

One-way ANOVA testing was used to assess anti-Dsg3/-1 ELISA levels and anti-TPO/-Tg ELISA levels across ethnic groups and patients grouped by HLA association. P-values of p ≤ 0.05 were considered to be statistically significant. To assess frequencies of lesion morphologies across different ethnicities and HLA groups we employed chi-square test of independence to compare groups. To assess if individual patient populations had significant bias towards a specific lesion morphology, we used chi-square goodness of fit test. To determine our expected lesion distribution frequencies for the chi-square goodness of fit test we totaled all groups and used the distribution of lesion morphology as our expected frequencies.




Results


DRB1*0402, DQB1*0302, and DQB1*0503 are the most common PV-associated HLA alleles

It has previously been described that, after accounting for linkage disequilibrium, the truly disease-relevant HLA associations in PV are restricted to the DRB and DQB loci (1). To assess HLA DRB and DQB allele frequencies in our population, DRB and DQB alleles were first divided by allele group (e.g. 01+, 03+, 05+; low resolution typing). Certain HLA allele groups of interest were further separated by specific HLA protein expression typing if an association with PV had previously been suggested (e.g. DRB1*0402; high resolution typing).

The most common HLA allele within DRB1 was DRB1*0402 (60% of patients), distantly followed by DRB1*1404 (9%), DRB1*1454 (6%), and DRB1*0804 (6%) (Figure 1A). The most common specific DQB1 HLA alleles were DQB1*0302 (60% of patients) and DQB1*0503 (30%), followed by DQB1*0301 (17%), and DQB1*0501 (12%) (Figure 1B). Some of these alleles have previously been shown to be in linkage disequilibrium with each other, resulting in some non-pathogenic alleles commonly being present in pemphigus patients. For example, DQB1*0302 has been shown to be in linkage disequilibrium with DRB1*0402 and is not considered pathogenic for PV (1). Also, DRB1*1401, which was present in 2% of the population, has been shown to be in linkage disequilibrium with DQB1*0503 (1). It should also be noted that at the time of Lee et al. publication, DRB1*1454, present in 4% of patients, had yet to be discovered as a separate from DRB1*1401. Our data again confirms that DRB1*0402 and DQB1*0503 are the dominant alleles in pemphigus patients.




Figure 1 | Percent of Patients Positive for most common HLA Alleles with (A) DRB and (B) DQB. Each patient expresses two alleles for DRB and DQB. The copy number of each allele was noted and allele frequencies were subsequently calculated as percent of patients carrying a given allele. The detected alleles are presented in descending order as allele group in low resolution (e.g. DRB1*01+ or DQB1*06+) if no specific HLA protein within that group was highly prevalent. If specific HLA alleles were highly prevalent within an allele group, they are presented in high resolution as the specific HLA protein (e.g. DRB1*04:02 and DRB1*04:04 or DQB1*03:02 and DQB1*03:03). The use of the symbol “/” indicated that the specific primers used for high resolution typing were unable to further distinguish between different alleles (i.e. DQB1*03:01/27/28 could be either DQB1*03:01, DQB1*03:27 or DQB1*03:28). The top 15 alleles or allele groups are shown in each locus.





Dominant PV-associated HLA allele expression varies between ethnic groups

To assess whether HLA associations differed between ethnic groups, patients were stratified by ethnicity and assessed for presence or absence of the known pemphigus-associated HLA alleles DRB1*0402 and/or DQB1*0503 (Figure 2A). DRB1*0402 was the predominant allele in the Ashkenazi Jewish, and Hispanic populations and was also seen in half of the non-Jewish Caucasian population. The South Asian population was overwhelmingly positive for the presence of DQB1*0503 alleles, and 50% of East Asians that carried DQB1*0503 were DRB1*0402 negative. Interestingly, the African-American population was overwhelmingly negative for these two PV-associated HLA alleles, with only 1 patient (9% of patients) carrying DQB1*0503, and no patients carrying DRB1*0402. Upon assessing which HLA alleles other than DRB1*0402 and DQB1*0503 where present in the African-American population, we found that the DRB1*0804 allele was expressed in the majority of these patients (64%) (Figure 2B). The DRB1*0804 allele was also found in Caucasians and Hispanic patients at low rates (7% and 6%, respectively), and was not present in any other ethnicities, suggesting that this allele could be of disease relevance in the thus far understudied PV population of African descent.




Figure 2 | Distribution of PV-associated HLA alleles in PV Patients by Ethnicity. (A) Distribution of the known PV-associated HLA alleles DRB1*0402 and DQB1*0503 in PV patients by ethnicity. Expression of at least one allele of DRB1*0402 (blue) and DQB1*0503 (red) is expressed as percent out of the specific ethnic group analyzed. The percentage of patients not expressing either of these two alleles (“Other”) is depicted in orange. (B) Addition of DRB1*0804 expression to the distribution of the known PV-associated HLA Alleles DRB1*0402 and DQB1*0503 in PV Patients by Ethnicity. Expression of at least one allele of DRB1*0402 (blue), DQB1*0503 (red) and DRB1*0804 (green) is expressed as percent out of the specific ethnic group analyzed. The percentage of patients not expressing either of these three alleles (“Other”) is depicted in orange.





Autoantibody levels vary significantly with HLA status

To assess whether autoantibody expression and levels were influenced by HLA association, patients in the active phase of disease (n=149 patients, 220 samples) were divided into groups based on HLA status and assessed for anti-Dsg serum profiles. In accordance with previous data by our group, anti-Dsg3 was the predominant antibody with higher mean serum levels detected across HLA-associations (12)(Figure 3A). DRB1*0804 positive patients had the highest average levels of anti-Dsg3 (298.3 +/- 459.3 IU/ml, 82% positive), followed by DRB1*0402-positive (204.6 +/- 340.5 IU/ml, 79% positive) and DQB1*0503-positive (111.4 +/- 94.7 IU/ml, 76% positive) patients. Patients that did not express either DRB1*0402, DQB1*0503, or DRB1*0804 had the lowest average anti-Dsg3 levels (60.0 +/- 80.0 IU/ml, 37% positive). Conversely, anti-Dsg1 antibody levels were highest in patients carrying the DQB1*0503 allele (47.3 +/- 59.8 IU/ml, 42% positive), while DRB1*0804 patients had the lowest average anti-Dsg1 levels (13.4 +/- 30.5 IU/ml, 12% positive) (Figure 3A). Overall, differences in anti-Dsg3 levels reached statistically significant levels with a p value of p=0.03363 (one-way ANOVA), while variability in anti-Dsg1 levels only approached statistical significance with p=0.05963.




Figure 3 | Autoantibody Levels by HLA Status in Active PV Patients. (A) Anti-Dsg1 and anti-Dsg levels by HLA association. Autoantibody levels are depicted for each patient carrying at least one allele of either DRB1*0402, DQB1*0503 or DRB1*0804 or not carrying either of these alleles. Anti-Dsg1 levels were highest in DQB1*0503 positive patients. Anti-Dsg3 levels were highest in patients carrying DRB1*0402 or DRB1*0804. Both anti-Dsg1 and anti-Dsg3 levels were lowest in patients that did not carry DRB1*0402, DQB1*0503, or DRB1*0804. (B) Anti-TPO and anti-Tg levels by HLA association. Autoantibody levels are depicted for each patient carrying at least one allele of either DRB1*0402, DQB1*0503 or DRB1*0804 or not carrying either of these alleles Both anti-TPO and anti-Tg levels were highest in patients without DRB1*0402, DQB1*0503, or DRB1*0804, and lowest in patients carrying DRB1*0402.



In addition to anti-Dsg3 and 1 reactivity, other autoantibodies have been described in patients with PV (13–15). Among these non-Dsg antibodies, anti-thyroid peroxidase (TPO) and anti-thyroglobulin (Tg) reactivity has been found at higher rates in PV patients than in healthy controls (14, 15) and that we have previously described anti-TPO reactivity is driven by HLA status (14). Thus, we also assessed anti-TPO and anti-Tg reactivity in active patients divided by HLA-status (Figure 3B). We find that both anti-TPO and anti-Tg levels were highest in patients without DRB1*0402, DQB1*0503, or DRB1*0804 at 38.2 +/- 86.6 IU/ml (33% positive) and 13.3 +/- 19.8 IU/ml (50% positive) respectively, while DRB1*0402 positive patients had the lowest average levels of both with mean anti-TPO of 12.6 +/- 29.3 IU/ml (19% positive) and mean anti-Tg of 1.6 +/- 7.1 IU/ml (3% positive). Differences in average anti-Tg levels between HLA groups were found to be statistically significant with p=0.00141 on one-way ANOVA.



Anti-Dsg3/1 levels vary significantly with ethnicity

It has been previously observed that autoantibody levels may vary between patients of Indian origin vs. white northern Europeans (16). To further assess whether autoantibody expression and levels were influenced by ethnicity, we divided patients in the active phase of disease (n=156 patients, 224 samples) by ethnicity and assessed the respective anti-Dsg and anti-thyroid autoantibody serum profiles for each group.

The highest levels of anti-Dsg3 Abs were found in African American patients (317.5 +/- 449.7 IU/ml, 94% positive), followed by the Ashkenazi Jewish (237.7 +/- 351.2 IU/ml, 83% positive) and Caucasian population (127.6 +/- 224.3 IU/ml, 67% positive). Anti-Dsg3 levels were lowest in Hispanic patients (62.4 +/- 58.3 IU/ml, 63% positive) (Figure 4A). Conversely, South Asian patients displayed the highest average anti-Dsg1 levels (63.7 +/- 54.7 IU/ml, 65% positive), while East Asian, with 10.2 +/- 15.2 IU/ml (25% positive), and African American, with 12.9 +/- 29.7 (11% positive), patients had the lowest average anti-Dsg1 levels (Figure 4A). Both anti-Dsg3 and anti-Dsg1 levels were found to vary significantly between ethnic groups, with p values of p=0.01763 and p=0.03258 respectively (one-way ANOVA).




Figure 4 | Autoantibody Levels by Ethnicity in Active PV Patients. (A) Anti-Dsg1 and Anti-Dsg3 antibody levels by ethnicity depicted for each patient within a specific ethnic group. (B) Anti-TPO and Anti-Tg antibody levels by ethnicity depicted for each patient within a specific ethnic group.



Mean anti-TPO levels ranged from 8 to 23 IU/ml between ethnicities, with the notable exception of East Asian patients for which the mean was less than 1 IU/ml (0% positive). East Asian patients also had the lowest average levels for Anti-Tg, 0.35 +/- 0.3 IU/ml (0% positive), however, this finding is of limited significance due to the low number of East Asian patients (n=6) enrolled in this study. African American patients had the highest average Anti-Tg (7.7 +/- 12.6, 30% positive) (Figure 4B). Interestingly, of all DQB1*0503 positive PV patients, South Asian patients display higher anti-Dsg1 autoantibody levels (mean 66.5 +/- 56.9 IU/ml, 63% positive) than DQB1*0503 positive patients of all other ethnicities combined (36.7 +/- 59.7 IU/ml, 31% positive)(Supplemental Figure 1), indicating that both HLA expression as well as ethnicity can be considered independent risk factors for development of anti-Dsg1 autoantibodies.



Predominant lesion morphology varies by HLA type and ethnicity

To assess patterns of lesion morphology within HLA groups, we stratified patients into groups based on HLA status (DRB1*0402 positive, DQB1*0503 positive, DRB1*0804 positive, and patients lacking expression of DRB1*0402, DRB1*0804, or DQB1*0503) and recorded lesion morphology as mucosal only, mucocutaneous or cutaneous only at time of blood draw. Lesion morphology tended to display similar patterns across HLA types with mucosal only being the dominant lesion morphology throughout all groups. Mucocutaneous morphology followed solely mucosal presentation in all groups possessing the DRB1*0402, DQB1*0503, or DRB1*0804 alleles. However, patients that did not carry the DRB1*0402, DQB1*0503, or DRB1*0804 alleles were the only group to have more visits with solely cutaneous lesions than mucocutaneous lesions (Figure 5A).




Figure 5 | Lesion Morphology at time of visit in active PV patients. (A) Lesion morphology by HLA association. Lesion morphology was assessed for each patient carrying at least one allele of either DRB1*0402, DQB1*0503 or DRB1*0804 or not carrying either of these alleles at time of visit when in active disease. (B) Lesion morphology by ethnicity. Lesion morphology was assessed for each visit of patients within a specific ethnic group in the active phase of disease. Note that some patients were seen several times over the course of their study participation.



In light of the association between HLA expression and ethnicity in PV shown above, we assessed whether the differences in lesion morphology seen within HLA subgroups extend to different ethnic groups. Mucosal lesions were the predominant manifestation of PV for patients of Caucasian and Ashkenazi Jewish descent. East Asians displayed only mucosal disease at time of intake, although conclusions cannot be drawn at this time due to the small sample size. Solely cutaneous lesions were equal to or more common than mucosal only in the African American, South Asian and Hispanic populations. South Asians were the only population to have a predominant mucocutaneous presentation at visits (Figure 5B). Taken together these data indicate that morphology is skewed towards mucosal presentation in Jewish and non-Jewish Caucasian populations, while it is skewed towards cutaneous presentation in the Hispanic population and is equally distributed among South Asians and African Americans. Chi-squared goodness of fit test was used to assess variation in lesion morphology by ethnicity and HLA group (see Materials and Methods). The only population that approached statistical significance was the Hispanic population (p=0.06). While the East Asian population had a p-value approaching significance (=0.087), there were only four samples in this group, limiting the significance of this finding.



No association of PDAI scores with gender, age of onset, ethnicity, and HLA

PDAI scores were available for a small subset of our study population visits (n=85). PDAI values by gender, age of onset, HLA, and ethnicity can be found in Supplementary Table 1. We found no statistically significant differences regarding PDAI values and gender, age of onset, ethnicity, and HLA status. Future studies with larger numbers of patients will be needed to better assess the extent to which genetic factors impact overall disease severity.




Discussion

It is understood that HLA molecules play a crucial role in the HLA-peptide-TCR tripartite that is crucial for mounting adaptive immune system responses to both foreign pathogens as well as self-tissue targets in the case of autoimmune disease (17). By directing the autoimmune response and the effector cells and autoantibodies that drive it, we speculate that HLA alleles also help shape the clinical presentation brought on by these antibodies.

Our data confirms and expands on previously determined associations between specific HLA alleles and PV. For instance, for DRB1, we confirm the well-known association of the 0402 allele and PV (1) in the larger study population analyzed here, where DRB1*0402 is the most common pemphigus-associated allele. The second most common specific DRB1 allele in our population was found to be 1404, which has been suggested as possibly associated with PV in Chinese and Pakistani studies, but its significance has yet to be determined (18, 19). In our population, DRB1*0402 is paired with DQB1*0302 in almost all cases (172 out of 175 total). Our group has previously shown that DQB1*0302 is most likely in itself not a major contributor to disease, but is inherited together with DRB1*0402 because of strong linkage disequilibrium (1). Following DQB1*0302, we found DQB1*0503 as the most common DQB allele, which has been reported for PV previously (1).

It is striking, however, how the distribution of these two PV-associated HLA alleles varies between ethnic groups. PV patients identifying as being of Ashkenazi Jewish descent are predominant carriers of the DRB1*0402 allele (95% of patient within this ethnic group carry at least one DRB1*0402 allele). This is in line with (i) studies on Jewish PV patients from Israel that report around 90% DR4 positivity (20, 21) and (ii) the reported allele frequency of up to 15% of this allele in the general Israeli population (22, 23). Despite the high prevalence of DRB1*0402 in this population, PV is still rare within Israel, highlighting the multifactorial genesis of PV in which other factors in addition to the HLA background ultimately led to disease expression.

DQB1*0503, on the other hand, is the predominant allele in the South Asian population (in our study 82% of all South Asian patients carry this allele). An overabundance of this allele has been shown in this population before (allele frequency of up to 13% in a study from India) (24, 25). Despite the fact that both DRB1*0402 and DQB1*0503 are fairly rare amongst European populations, these are the two leading alleles within non-Jewish Caucasian PV patients who show a fairly equal distribution of DRB1*0402 and DQB1*0503 (55% and 36% of all non-Jewish Caucasian patients, respectively).

In addition to the accepted HLA alleles, our study has uncovered a previously underappreciated allele in PV, namely DRB1*0804. While only 6% of our entire patient population are DRB1*0804 positive, it should be noted that this allele is most commonly seen in African American PV patients, of which 64% are carriers. Since only one of these African-American patients carried the previously PV-associated allele DQB1*0503 and none carried DRB1*0402, the data suggest that DRB1*0804 can be considered a PV susceptibility allele in its own right. DRB1*0804 has been associated with African descent in several studies (26, 27). A comprehensive analysis of HLA allele frequencies worldwide found that DRB1*0804 is by far the most frequent in northwestern Africa, around modern Burkina Faso, and is more prevalent throughout Africa than other continents (24). While DRB1*0804 has not been studied as extensively in the context of PV, previous studies have noted that DRB1*0804 is increased in PV patients in Brazil and Egypt (28, 29).

Our findings highlight how closely PV is associated with different HLA alleles in different ethnic populations. Importantly, beyond establishing associations of HLA expression in PV patients of different ethnic backgrounds, our data further shows that the expression of certain HLA molecules in the context of PV is highly associated with, and likely shapes antibody selection and ultimately lesional phenotype. In this context, it has previously been shown that HLA DRB1*0402 contains a binding motif that can selectively bind Dsg3 specific peptides (30) and present them to DRB1*0402-restricted autoreactive CD4(+) T cells to initiate the production of Dsg3-reactive IgG autoantibodies (31). In line with these findings, patients carrying DRB1*0402 were found to express relatively higher levels of anti-Dsg3 autoantibodies. DRB1*0402 positive patients, including those with ethnicities in which the allele is prevalent, such as Ashkenazi Jewish and non-Jewish Caucasian, were predisposed to developing mucosal PV lesions over mucocutaneous and cutaneous only lesions.

Patients that carried DQB1*0503, including South Asian patients who are heavily DQB1*0503 positive, had higher rates of mucocutaneous disease than other patients. Moreover, expression of the DQB1*0503 allele was found to predispose patients to having relatively higher levels of anti-Dsg1 autoantibodies, perhaps a reflection of differing peptide binding capacities between DQB1*0503 vs DRB1*0402 molecules that link to anti-Dsg3 and anti-Dsg1 responses. Interestingly, when DQB1*0503 positive patients were subdivided by ethnicity, South Asian patients (n=16) had average anti-Dsg1 levels almost twice that of patients of other ethnicities (n=30) (Supplemental Figure 1), indicating that South Asian ethnicity, beyond reasons linked to HLA type, in itself is associated with elevated anti-Dsg1 expression, implicating additional thus far unknown genetic and/or environmental factors. While these results did not reach statistical significance (p=0.11), repeating this analysis with a larger sample size may elucidate the true significance of this discrepancy. Nevertheless, our findings are consistent with a study by Harman et al. in which 75% of Indian PV patients were positive for anti-Dsg1, compared to only 45% of White patients and 56% of patients of “other” ethnic background (16).

It is noteworthy that patients typing as DRB1*0804, despite displaying the highest mean levels of anti-Dsg3 and the lowest mean levels of anti-Dsg1 when compared to all other HLA-associations, did not show a clear predilection for morphology. In fact, this population split equally into patients carrying mucosal and patients carrying cutaneous lesions, indicating that autoantibody selection in itself it not an absolute factor in determining lesion location (skin vs. mucosal). This point is further underlined by the fact that the Hispanic population, despite being predominantly DRB1*0402 positive, displays relatively low levels of anti-Dsg3 and also did not have a predisposition towards mucosal disease, but instead was the only population with more cutaneous disease than mucosal or mucocutaneous. These data indicate that while DRB1*0402 appears to favor the selection of anti-Dsg3 antibody specificities, correspondingly leading to the predominantly mucosal pattern predicted according to the Dsg-Compensation hypothesis (32, 33), supplemental genetic and/or environmental elements must also play a role in determining lesional fate, again underscoring the multifactorial basis of disease.

Of note, patients that did not express the typical disease-associated HLA alleles, i.e. those typing negative for DRB1*0402, DQB1*0503, or DRB1*0804, had very low levels of anti-Dsg antibodies and the highest levels of cutaneous only lesions among all HLA-subgrouping analyzed. We and others have suggested before that non-Dsg antibodies or other thus far underappreciated factors may help explain lesion development in the absence of the accepted PV-associated antibodies (13, 34–36). Our group has also previously reported that in a slightly smaller patient set than the one used in this study, anti-TPO and anti-Tg have higher activity rates in patients not expressing DRB1*0402 and/or DQB1*0503. This study supports the notion that non-Dsg antibodies such as those directed against anti-TPO and-Tg may be of relevance in patients lacking the typical PV-associated alleles, since we show the highest levels of both antibodies in either DRB1*0804 positive patients or those lacking all 3 susceptibility alleles (DRB1*0402-, DQB1*0503- and DRB1*0804-triple negative). It should be noted that a number of non-Dsg autoantibodies besides anti-TPO and anti-Tg have been reported in PV (13, 35). While not investigated in this report, these specificities may similarly play a role in fine-tuning the autoimmune response in select patients.

Overall, our analysis reveals and reinforces an overarching theme: there are clear variances in HLA types found in PV patients of differing ethnic origin (including an unexpected and novel HLA association in PV patients of African descent, a historically understudied population in the context of PV), and these variances in HLA type link to variances in autoantibody profiles and clinical morphology. Taken together, our data provide strong support for the novel hypothesis that HLA allele expression not only predisposes to disease development in PV, but is also crucial in shaping autoantibody profiles and phenotypic expression, and that HLA variance undergirds disease heterogeneity. We report, for the first time, clear distinctions regarding associations of various disease associated HLA alleles (which are unevenly distributed across various ethnic groups) with key immunological and clinical parameters of disease (Table 2A, Supplemental Figure 2A). While the relative contributions of as yet unknown genetic and environmental factors to autoimmune activity will need further investigation, several previously unrecognized patterns and trends linked to HLA type have emerged (Table 2B, Supplemental Figure 2B): 1) Patients typing as HLA DRB1*0402 (found most commonly in Ashkenazi Jewish and Caucasian non-Jewish populations) had higher levels of anti-Dsg3 antibodies than patients without DRB1*0402 and had mucosal only lesions more often than cutaneous only or mucocutaneous lesions. 2) Patients typing as DQB1*0503 (found most commonly in patients of East Asian and South Asian descent) had higher levels of anti-Dsg1 antibodies compared to other groups and higher rates of mucocutaneous disease than other lesion types. 3) PV patients of African descent carried predominantly the DRB1*0804 allele, presented with highly elevated levels of anti-Dsg3, but did not link to any specific lesion morphology. 4) Patients that carried neither DRB1*0402, nor DQB1*0503 or DRB1*0804 had the lowest levels of anti-Dsg3 antibodies and the highest rate of solely cutaneous disease compared to carriers of these alleles.


Table 2A | Summary of relationships between ethnicity, HLA type, autoantibody profile, and lesion morphology.




Table 2B | Summary of relationships between HLA type, autoantibody profile, and lesion morphology.



Interestingly, PDAI scores available for a limited number of patient visits did not reveal any significant differences when analyzed by gender, age of onset, HLA, or ethnicity, suggesting that disease severity is not predetermined by any of these factors individually. However, PDAI scores were not available for all patients or all visits and will have to be reassessed in a larger patient population later.

Future studies will be needed to elucidate the details of (auto)antigen recognition by each PV linked HLA allele that drive T/B cell activation and autoantibody selection and, in turn, disease morphology (lesion location). Defining these connections can be expected to deliver a fuller understanding of autoimmune induction and disease manifestation in pemphigus, and will advance the path towards precision medicine where individual genetic and immune response elements are incorporated into clinical decision making and patient management. Detailed information on the mechanisms by which HLA genes direct and determine disease-defining features is required to unravel the complexities of disease heterogeneity can be expected to improve the ability to diagnose, track and treat.
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Supplementary Figure 1 | Anti-Dsg1 levels in DQB1*0503-carrying South Asian patients compared to all other DQB1*0503-carrying Populations. South Asian patients carrying DQB1*0503 (n=16) had nearly twice the average anti-Dsg1 (mean 66.5 +/- 56.9 IU/ml) level than DQB1*0503 patients of all other ethnicities combined (n=30) (36.7 +/- 59.7 IU/ml). However, this difference was not found to be statistically significant (p=0.11, unpaired t-test).

Supplementary Figure 2 | (A) Summary Figure of Ethnicity Associations. Autoantibody levels and dominant lesion morphology associated with six ethnicity categories analyzed for this manuscript: African American, Ashkenazi Jewish, non-Jewish Caucasian, East Asian, Hispanic, and South Asian. Relative levels of autoantibodies and lesion morphologies are displayed by vertical bars, with increased height correlating to higher antibody levels. The symbol * indicates the finding was of statistical significance with p<0.05. The symbol ⌂ indicates that the finding approached statistical significance with p ≤ 0.06. Any categories without either of these two symbols represent trends observed that did not meet statistical significance. (B) Summary Figure of HLA Associations. Autoantibody levels and dominant lesion morphology associated with the four major HLA categories analyzed for this manuscript: DRB1*0402 positive, DQB1*0503 positive, DRB1*0804 positive, and those negative DRB1*0402, DQB1*0503, and DRB1*0804. Relative levels of autoantibodies and lesion morphologies are displayed by vertical bars, with increased length correlating to higher antibody levels. The symbol * indicates the finding was of statistical significance with p<0.05. The symbol ⌂ indicates that the finding approached statistical significance with p ≤ 0.06. Any categories without either of these two symbols represent trends observed that did not meet statistical significance.

Supplementary Table 1 | PDAI values by gender, HLA, ethnicity, and age of onset. Within each category, the subgroups were compared among each other using one-way ANOVA. No statistically significant differences were found in any category.
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Case Sex/Age Comorbidities AIBD  Disease Histological and Immunological results AIBD  Previous therapies CISA TotalIgE  Eosinophilia Immunoblot

No. type  involvement duration titer  (cells/mm)) IgG (kDa)
Skin MM Eosinophiic ~ Deposits  Deposits ~ BP180ELISA  (months) o)
urticaria/ skin alongthe  inDIEM  IgG/IgE (RU/mL)
scaring infiltrate  BMZin DIF
1 F/75  HIN, Osteoporosis & YesMo  No important - Negative™ m 671 180 7 CS MWF No 475 470
2 MB5  HTN, T20M [ YesMo  No moderate  Linear w 187/65  180and 120 33 (0S,CSDDSMMF  No 9414 17000
196,03
3 FI67  Sogren's syndrome, & YesNo  No moderate Linear C3  np 941 m 14 (CS,CochicneDOX  Yes 4,657 450
Cystadenolymphoma,  prurigo
MGUS, COPD
4 /39 none o YesMo  No moderate  Linear m 152200 180and 120 2 {CS, MIXDOX No 1132 1,060
196, C3
5 MB2  HTN, depression o YesNo  No weak  Linear w 12912 » 1 1GS, DOX Yes 953 2490
IgG, C3
6 F/50  Asthma, Atopic dematitis 8P NoMo  No moderate ~ Linear mp 11 180 118 ICS,MIX,MMFCsA No 878 510
1gG, C3
7 MB4  T2DM, HTN, Aizheimers  BP YesNo  Mouth  important Linear m 20127 180 4 1CSDOX No 3163 2860
disease 196, C3
8 37 none [ YesYes  Mouth  weak  Linear w 136200 180and 120 1 1CS Cokchicine Yes 964 479
1gG, C3
o M1 HTN, DDS-nduced MMP  YesYes Mouth  weak  Linear m 199/200 np 4 (CSDOXDDSRTX  No 4385 159
psychosis Larynx 1g6,C3
10 Fi57  none MMP  YesYes Mouh  No Linear m 16973 180 1 1S DDS No 1749 5350
Larymx 196, C3
1 F/90  GHD, Breast cancer, MMP  Yeses  Phaynx  moderate Linear m 78132 180 5 1cSDOX Yes 1308 1840
chvonic hypercalcerria Larynx 1g6,C3
chvonic kidhey disease
12 F/86  Rheumatoid artits MMP  YesYes Vuva  moderate LinearG3 LD 181 180 and 120 3 10SDOXDDS Yes 831 280
13 MB5  CHD, cerebralischemia ~ MMP  NoNo  Mouth  moderate Linear i} " r\p 40 CTXDDSRIX Yes 1% 200
stroke Larynx 196, 107,
Genital c3
“Under topical corticosterois

AIBD, autoimmune bulous disease; BP, bullous pemphigoid; CISA, contraindlcation to immunosuppressive agent; CIHD, chronic ischemic heart disease; COPD, chronic obstructive pulmonary disease; CS, systemic corticosteroids (0.5-1.0 mg/kg/a); CsA,
cyclosporin; DDS, dapsone; DIEM, direct immunoelectron microscopy; CTX, cyclophosphamide; DOX, doxycycline; HTN, hypertension; ISA, immunosuppressive agent; MGUS, monodlonal gammopathy of undetermined significance; MM, mucous membrane;
MMP, mucous membrane pemphigoid: MMF, mycophenolate mofetil: MTX, methotrexate; np, not acquired: OMZ, omalizumab; T2DM, type 2 diabetes meliitus; tCS, high potent topical corticosteroids (30-40 g/d).
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Case OMZ regimen
No

1 450 mg Q2 wk
2 600 mg Q2 wk
3 600 mg Q2 wk
4 600 mg Q2 wk
5 300 mg Q4 wk

6 300 mg Q2 wk
7 600 mg Q2 wk

8 450 mg Q2 wk

9 600 mg Q2 wk

10 600mg Q2 wk

11 600mgQ2wk

12 450mg Q4 wk

13 300mg Q4 wk

“Previously programmed a second RTX cyce for consolidation at M4 from baseline; 1] Ritwsimab was introduced 3 months after OMZ.

Concurrent
therapies with OMZ

1CS MVF 1.5 g/d
1CS DDS 100 mg/d
MMF 3 g/d

cs

1CS DOX 200 mg/d
MTX 15 mg/w
1CS DOX 200 mg/d
10S MMF 2 9/d

1CS DOX 200 mg/d

1CS DOX 200 mg/d

1CS DOX 200 mg/d
RTX2g"

1CS DDS 125 mg/d
RTX 2g (MO)
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120

Time to
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CR tapering/ tapering/ baseline/

(days) weaning weaning since CR

(months) (months)  (months)

faiue  NoNo o7 55042

300 14 5727 8178

3080 13 /o 36/33

3090 14 150 23/20

090 16 15/18 33/30
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120
[T 5/12 3421
210

faiure 5o no/no 2821
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120
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Last follow-up

Disease control

CR on minimal therapy (CS)
CR on minimal therapy (MMF,
DDS)

CR on OMZ Q8 wks

CR on OMZ Q2 wks and
minimal therapy (MTX)

CR on minimal therapy (MTX,
insituted at M15 for
psoriasis)

CR on OMZ Q2 wks and
minimal therapy (MMP)

CR on OMZ Q2 wks Death
from aspiration pneumonia at
M3

CR on OMZ Q3 wks and
minimal therapy (DOX)

CR on minimal therapy (D0X)

CR on OMZ 600 mg Q2 wks,
1CS 30 g/w, DDS 50 mg/d,
IMG 2 Q3 wks, RTX (2 g at
M1, M2 and M18)

CR on DDS Death from
kidney failure at M6

R on OMZ Death from
COVID-19 peumoria at M4
R on OMZ 300 mg Q4 wks
‘and minimal therapy (DDS)

BPDAI, bulous pemphigoid disease area index; CR, complete remission; OC, disease control; DDS, dapsone; DOX, doxycycine; MMF, mycophenolate mofeti; M1/M12: 1 or 12 months from baseline; MTX, methotrexate; na: not acquired; OMZ, omalizumab;
PVAS, pruritus visual analog scale; 1CS, high potent topical corticosteroids (3040 g/d); Q2 wks, every 2 weeks.
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Identification

Screening

Records identified from

databases :
-n=28

Abstract screened
-n =28

Reports sought for retrieval
-n =22

Reports of included studies

-n =22
(corresponding to 45 cases)

Cases included in study:
- n=43

Records excluded

-n =1 article in hebrew

- n =5 : linear IgA bullous dermatosis
and epidermolysis bullosa acquisita
cases treated with omalizumab

Duplicate cases excluded:
- N=2






OPS/images/fimmu.2022.874108/fimmu-13-874108-g002.jpg
Xk Xk Xk

X %k

owmo
O WLw

ITOOANN ™
9J03S elLiediln

T —
4 == Pl ) I

DLOWVOULOWLOLO

0O O 0O O O O o
0O OO O u o
O OV FT N ™ =«

JUNno9 431si|q Ajreg

days

days

days





OPS/images/fimmu.2022.874108/fimmu-13-874108-g003.jpg





OPS/images/fimmu.2022.885023/table1.jpg
No Sex/ History of nodular pemphigoid Comorbidities Type of skin lesions and location Treatment
Age
g Unsuccessful Successful
P1 F/85 12-year duration with numerous relapses HT Exclusively nodules on the trunk and limbs  Prednisone, tetracycline, methotrexate Clobetasol propionate,
during entire course + severe pruritus. mirtazapine + duloxetine
P2 F/62 9-year duration The longest remission lasted several HT, COPD, anxiety Initially disseminated blisters and urticarial Prednisone, methyloprednisone, Clobetasol propionate
months disorder lesions, then only nodules + severe pruritus  tetracycline, methotrexate, oral cream on the entire body
antihistaminics
P3 /80 1.5 years before therapy 7-month therapy led to the  HT Exclusively nodules on the trunk and limbs Exclusively ciobetasol
complete remission with no relapse during entire course + severe pruritus propionate cream on the
entire body
P4 F/67 9-year duration Conjunctiva and oral mucosa n T2DM, HT, asthma, obesity Extensive oral erosions, scarring Clobetasol propionate lesionally, tacrolimus, Dapsone clomipramine +
stable state for several years Nodules on the skin conjunctivtis, nodules on the trunk and fimbs antihistaminics, prednisone, escitalopram,  quetiapine
occasionally appear + severe pruritus paroxetine
PS5 F/77 10-year duration With remissions lasting a few Obesity, HT, CHD, HF, Initially cisseminated urticarial lesions and  Antihistaminics, prednisone, Ciobetasol propionate
months T2DM, PBC, sleep apnea,  few blisters, then only numerous nodules +  methyloprednisone, tetracyciine, cream on the entire body
depression severe pruritus methotrexate, dapsone escitalopram

CHD, coronary heart disease: COPD, chronic obstructive pulmonary disease, HF, heart faiurer HT, hypertension: PBC. primary biliary cithosis: T2DM, type 2 disbeles.
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No.

P1

P2

P3

P4

P5

DIF

Skin: exclusively linear C3 along the BMZ

Skin: linear deposits of IgG and C3 along the BMZ

Skin: linear deposits of IgG and C3 along the BMZ

Skin: linear deposits of IgG and C3 along the BMZ
Oral mucosa: deposits of IgG along the BMZ
Conjunctiva: deposits of IgG along the BMZ

Skin: linear deposits of IgG and C3 along the BMZ

Serum studies

BIOCHIP: positive reaction of circulating IgG on the roof of
the blister of salt split skin and with BP230

ELISA: negative

IIF on SSS: circulating IgG on the roof of the blister

Both BIOCHIP and ELISA: reaction of circulating IgG
antibodies with NC16a domain of BP180

IIF on SSS: circulating IgG on the roof of the blister

Both BIOCHIP and ELISA were negative

IIF on SSS: circulating IgG on the roof of the blister
ELISA: reaction of circulating IgG antibodies with BP230

IIF on SSS: circulating IgG on the roof of the blister
Both BIOCHIP and ELISA: reaction of circulating IgG
antibodies with NC16a BP180 and BP230

FOAM-LSCM

ND

ND

ND

In both skin and oral mucosa—IgG deposits
located below laminin 332 and

above collagen type IV, typically for MMP
ND

BMZ, basement membrane zone; ELISA, enzyme-linked immunosorbent assay; FOAM-LSCM, fluorescence overlay antigen mapping using laser scanning confocal microscopy; IIF,
indirect immunofiuorescence; MMP, mucous membrane pemphigoid, ND, not done; SS, salt split.
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Haplotype

DRB1*03:01 DQB1*02 *
DRB1*04:02 DQB1*03 ***
DRB1*11 DQB1*03 *
DRB1*14 DQB1*05 ***

*Pc <0.05 *** pc <0.001.

Haplotype frequency

Patients n=56 Control n=204
0.0234 0.0904 0.24
02730 0.0231 14.86
0.0937 0.2409 0.10
02187 0.0422 6.60
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HLA allele

Predisposing
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HLA allele Allele frequency HLA allele Allele tfrequency

Patients Controls Patients Controls
DRB1 HLA-B
03:01* 0.0234 0.0931 023 38+ 0.1250 0.0294 433
04:02** 02730 0.0231 148 S5¥k 0.0859 0.0147 630
110 0.0075 0.2034 0.03 HLA-A
147 02187 0.0613 338 o1 00234 0.0900 021

*Pe <0.05 ***Pc <0.001.
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Number studied

Sex distribution*
Males

Females

M:F

Age distribution*
Range

Mean

Median

*P-values (t-sided and chi-square test) > 0.005—non-significant.

PV patients

56

9 (34%)
37 (66%)
1:1.95

15 - 80
49.98 + 15.4
47.5

Healthy controls

204

100 (49%)
104 (51%)
1:1.04

20-46
31.5+ 106
33
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Country

Jerusalem, Israel*
Sofia, Bulgaria

South Vojvodina, Serbia
Central Serbia

Skopje, Northern Macedonia
Zagreb, Croatia
Northwestern Romania

Wurzburg and Mannheim, Germany

Thessaloniki, Greece
Greece

Turkey***

“Included for comparison purposes.
“*Southern Europeans living in Germany.

Annual incidence rate/million inhabitants

16.1
4.7

6.6
4.0

4.4
37
4.0

0.8 native Germans
6.8 foreigners**

8.0
9.3

4.7

Reference

Pisanti et al., 1974 (14)
Tsankov et al., 2000 (18)

Golusin et al., 2005 (20)
Milinkovic et al, 2016 (21)

V’lckova-Laskoska et al., 2007 (22)
Marinovic et al., 2011 (23)

Baican et al,, 2010 (24)
Hahn-Ristic et al., 2002 (28)

Michailidou et al., 2007 (25)
Kyriakis et al. 1989, 1995 (19, 26)

Yaili et al. 2017 (27)

***No data are available from the European part of Turkey, but the latter is included because >1 million of ethnic Turks continue to inhabit the Balkan countries since they first settled there

during the Ottoman period.
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From birth Development of trauma-induced blisters mainly affecting the extremities

Childhood Diagnosis of epidermolysis bullosa (EB)

Disease worsening with onset of spontaneous, inflammatory blisters also

M on uninvolved skin (e.g. trunk) and intense itch

Diagnosis of localized recessive dystrophic EB and bullous pemphigoid

October 2020
i (BP), start of steroid therapy (prednisone, 0.6 mg/kg/day)
November 2020 BP disease control
December 2020- B "
June 2021 Steroid tapering
October 2021 Last follow-up: BP remission under minimal steroid therapy (10 mg/day)
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Patients included (No.)
M/F (No.)

Mean age (Years)
Previous therapies (No.)

RTX dosing protocol (No.,%)

Anti-Dsg 1 mean, baseline (U/mL)

Anti-Dsg 3 mean, baseline (U/mL)

Time interval between diagnosis and rituximab
administration (Months)

Follow-up (Months)

19
5/14
55.3 (M: 55.2, F: 55.4)
Prednisone (19)
Azathioprine (16)
Rheumatological (19,
100%)
123.45
197.30
Mean 80.57, range 9-
221
Mean 24.1, range 6-
65
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Cycle No. No. patients receiving concomitant

patients
1 19
prd 7
3 3

*Azathioprine 100 mg/day.

steroid dose

19/19 (100%)
1
(100%)
3/3
(100%)

Mean concomitant steroid
dose per day

31 mg
21mg

16 mg

No. patients receiving
adjuvant*

16/19 (84.2%)
a7
(57.1%)
1/3
(33.3%)

No. patients in
CROT

2/19 (10.5%)
1/7 (14.3%)

0/3

No. patients in
CRMT

6/19 (31.5%)
6/7 (85.7%)

3/3 (100%)

Relapsed

44.4%
42.8%

0%
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Anti-Dsg1 bf RTX
Anti-Dsg1 3 months after
Anti-Dsg1 6 months after
Anti-Dsg1 12 months after
Anti-Dsg3 at DG
Anti-Dsg3 bf RTX
Anti-Dsg3 3 months after
Anti-Dsg3 6 months after
Anti-Dsg3 12 months after

Minimum

0.000
0.000
1.560
0.000
0.000
0.000
0.000
0.000
0.000

Maximum

377.780
377.780
277.620
155.800
390.270
312.240
300.030
300.030
205.340

Median

156.465
96.540
32.530
10.460

214.295

205.710
121.610
97.180
28.275

95% ClI

46.447 to 235.652
6.116 to 160.407
9.215 t0 116.936

1.561 to 78.970

132.719 to 268.772

129.237 to 265.071

36.907 to 175.690

22.577 to 137.768
14.779 to 178.349

25-75P

13.410 10 236.49
6.057 to 160.44
9.203t0 117.32
1.558 to 79.960
118.930 to 269.40
127.930 to 269.12
36.533 to 175.82
22.510to 138.09
15.490 to 178.00
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Anti-p200 Anti-p200 P
pemphigoid cases pemphigoid cases Value

with psoriasis without psoriasis
N (%) 95% CI N (%) 95% ClI
IIF of SSS*
D) 18 (75.0%) 69 (84.2%) 0.468
0.5663-0.937 0.761-0.922
E@), D) 2 (8.3%) 2 (2.4%) 0.220
0.036-0.203 -0.010-0.058
E@), D) 4 (16.7%) 11 (13.4%) 0.945
0.006-0.327 0.059-0.209
IB analysis
200-kDa protein 21 (100%) 82 (100%) -
BP180 2(9.5%) 1(1.2%) 0.105
-0.042-0.232 -0.012-0.036
Bp230 2 (9.5%) 7 (8.5%) 1.000
-0.042-0.232 0.024-0.147
BP260 (a variant of 1 (4.8%) 1(1.2%) 0.368
EBA) -0.052-0.147 -0.012-0.036
BP290 0 (0%) 2 (2.4%) 1.000
- -0.010-0.058
Laminin-332 0 (0%) 5 (6.1%) 0.554
- 0.008-0.114
BP180 and BP230 1(4.8%) 2(2.4,-0.010-0.058  0.499
-0.052-0.147
BP180 and laminin-332 1(4.8%) 1(1.2%) 0.368
-0.052-0.147 -0.012-0.036
BP230 and laminin-332 0 (0%) 1(1.2%) 1.000
- -0.012-0.036

SD, Standard Deviation; Cl, Confidence interval; D, dermal; E, epidermal; BP, bullous
pemphigoid; EBA, epidermolysis bullosa acquisita; 1B, immunoblotting; IIF, indirect
immunofiuorescence; SSS, salt-split skin.

* + indlicated those with an equivocal result of IIF.

*Data of 24 and 82 cases were available in patients with and without psoriasis, respectively.
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Treatment N (%)

Prednisolone 1(6.25%)
Topical corticosteroid 5
(31.25%)
Topical corticosteroid, vitamin D3 4 (25%)
Topical corticosteroid, psoralen UVA 2 (12.5%)
Topical corticosteroid, tar, psoralen UVA 1(6.25%)
Topical corticosteroid, narrow band UVB 1(6.25%)
Topical corticosteroid, topical vitamin D3, narrow band UVB, 1 (6.25%)
etretinate
Topical corticosteroid, topical vitamin D3, narrow band UVB, 1 (6.25%)
etretinate, ciclosporin
Total 16 (100%)

N, number.
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Therapy N (%) Complete Remission
remission  with at least
one relapse
Monotherapy 12 (63.2)
Minocycline 1 0
Topical corticosteroids 1 0
Cyclosporine 3 0
Systemic PSL 1 5,
Dapsone 0 1
Corticosteroids + adjuvant therapy 7 (36.8)
Systemic PSL and MMF 1 0
Systemic PSL and cyclosporine 2 0
Systemic PSL, IVIG and other 1 0
adjuvant therapy
Systemic PSL, plasmapheresis and 1 1
other adjuvant therapy
Minocycline, topical corticosteroid, 1 0
apremilast
Total 19 12 (63.2) 7 (36.8)

N, number; PSL, prednisolone; MMF, Mycophenolate Mofetil; IVIG, Intravenous

immunoglobulin.
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total

Males

Females

Age of anti-p200 pemphigoid
(years)

Age of psoriasis onset (years)

Duration from psoriasis to p200

(vears)

0-9
10-19
20-29
>29

Associated triggers

Psoralen UVA therapy

Narrow band UVB therapy
Discontinuation of drugs
Stress events

Worsen ulcerative colitis
dipeptidyl peptidase-4 inhibitor

Types of psoriasis

Psoriasis vulgaris
Pustular psoriasis
Erythrodermic psoriasis

N. number: SD, standard deviation.

N (%) or mean
(xSD)

26

23 (88.5%)
3 (11.5%)
625 (12.7)

47,6 (17.1)
15.6 (11.1)

8 (42.1%)
2 (10.5%)
421.1%)
5 (26.3%)
3 (14.3%)
2 (9.5%)
3 (14.3%)
1 (4.8%)
1(4.8%)
1 (4.8%)

21 (80.8%)
4 (15.4%)
1 (3.8%)

Number of
cases
for which data
were available

26
26
26

19
19

21

26
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Anti-p200 Anti-p200 P Value
pemphigoid cases pemphigoid cases
with psoriasis without psoriasis

N (%) 95% CI N (%) 95% CI
Morphology of cutaneous lesions
Bullae/vesicles 21 (100%) 92 (100%) -
Erythematous plaques 6 (28.6%) 34 (37.0%) 0.468
0.075-0.496 0.269-0.470
Pustules 2 (9.5%) 0 (0%) 0.033
-0.042-0.232 -
Scars/milia 3 (14.3%) 12 (13.0%) 1.000
-0.020-0.306 0.060-0.201
Distribution of lesions”
Extremities 15 (78.9%) 56 (83.6%) 0.899
0.588-0.991 0.745-0.927
Trunk 18 (94.7%) 45 (67.2%) 0.017
0.837-1.058 0.566-0.787
Palms and soles 7 (36.8%) 40 (59.7%) 0.077
0.130-0.607 0.476-0.718
Head and neck 6 (31.6%) 22 (32.8%) 0.714
0.086-0.546 0.213-0.444
Entire body 5 (26.3%) 12 (17.9%) 0515
0.045-0.481 0.085-0.273
Mucosal involvements® 3 (15.8%) 32 (38.6%) 0.059
-0.023-0.338 0.279-0.492
Mucosal involvements®
Nasal mucosa 0 (0%) 4 (4.8%) 1.000
- 0.001-0.095
Conjunctiva 0 (0%) 5 (6.0%) 0.581
- 0.008-0.113
Oral mucosa 1 (5.3%) 29 (34.9%) 0.010
0.058-0.163 0.245-0.454
Genital mucosa 2 (10.6%) 11 (13.3%) 1.000
0.047-0.257 0.058-0.207

N, number; Cl, Confidence interval.

*Data of 19 and 67 cases were available in patients with and without psoriasis,
respectively.

$Data of 19 and 83 cases were available in patients with or without psoriasis, respectively.
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Histology*
Neutrophils

Eosinophils
Lymphocytes

Neutrophils/
eosinophils
Lymphocytes/
eosinophils
Lymphocytes/
neutrophils
Lymphocytes/
eosinophils/
neutrophils
Not detected

Anti-p200
pemphigoid cases
with psoriasis
N (%) 95% CI

6 (28.6%)
0.075-0.496
1 (4.8%)
-0.052-0.147
2(9.5%)
0.042-0.232
8(38.1%)
0.033-0.167
2(9.5%)
0.042-0.232
1 (4.8%)
-0.052-0.147
1 (4.8%)
-0.052-0.147

0 (0%)

N, number; Cl, Confidence interval.
*Data of 21 and 87 cases were available in patients with and without psoriasis, respectively.

Anti-p200
pemphigoid cases
without psoriasis

N (%) 95% CI

28 (32.2%)
0.222-0.422
11 (12.6%)
0.075-0.496
0 (0%)

36 (41.4%)
0.308-0.519
4(4.6%)
0.001-0.091
1(1.1%)
-0.011-0.034
4(4.6%)
0.001-0.091

3(3.4%)
0.005-0.074

Value

0.749

0.519

0.036

0.783

0.723

0.353

1.000

1.000
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Haplotype

A*02 B*49 DRB1*14 *

A *02 B*15 DRB1*04:02 *
A *03 B*38 DRB1*04:02*
A *03 B*51 DRB1*04:02 *
A *24 B*44 DRB1*04:02 **
A *25 B*18 DRB1*04:02 *
A *31 B*51 DRB1*04:02 *

*Pe <0.05 **Pc <0.01.

Patients n=56

0.02778
0.02778
0.02778
0.02778
0.06944
0.02778
0.02778

Haplotype frequency

Controls n=204

0.00000
0.00000
0.00000
0.00000
0.00735
0.00000
0.00000

11.49
11.49
11.49
11.49
10.07
11.49
11.49
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HLA Type { i Clinical Presentation
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The symbol * indicates the finding was of statistical significance with p<0.05. The symbol © indicates that the finding approached statistical significance with p<0.06. Relative levels of
lesion morphology and antibody levels have been displayed from absent to very elevated via symbols of -, +, ++,and +++ respectively. Any categories without either of these two symbols
represent trends observed that did not meet statistical significance.
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Ethnicity A Autoantibodies Clinical Presentation
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African Very
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Caucasian DQBI10503 High Low High High 48% 33% 19%
East Asian DQB1*0503 Average Low Very Low Low 100% 0% 0%
o DRBI*0402 > . ) - - -
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South Asian DQB1*0503 Average Very High Average Low 27% 45% 27%
The symbol * indicates the finding was of statistical significance with p<0.05. The symbol < indicates that the finding approached statistical significance with p < 0.06. Any categories
without either of these two symbols represent trends observed that did not meet statistical significance.
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Type of PDAI Delay to first Dose of prednisone at the Clinical Initial dose Dose of Average daily Average daily

pemphigus activity relapse after DC  time of first relapse (mg/  status at prednisone  prednisone prednisone dose  prednisone dose
at (days) kg/day) the last (mg/kg/day) at the last  until CR (mg/kg/ over the study (mg/
baseline evaluation/ evaluation day) kg/day)
PDAI (markg/
activity day)

Cohort 4

1 PF 9 CR/O 0.28 0 0.273 0.080
2 PVM 27.6 EoC/2 0.28 0.35 0.278
3 PF 20.3 211 0.08 AD/3 0.24 0.06 0.111 0.108
4 PF 34.5 CR/O 0.31 0.1 0.218 0.207
5 PVM 14.6 CR/O 0.37 0.13 0.370 0.194
6 PVMC 11 DCA 0.10 0.10 0.100
7 PF 11.2 CR/O 0.22 0.06 0.215 0.100
8 PVMC 10.3 CR/O 0.31 0.16 0.310 0.243
9 PF 19 CR/O 0.06 0.19 0.235 0.223
10 PF 30.2 63 0.20 EoC/6.3 0.40 0.20 0.318
11 PVC 2 200 0.23 AD/27.9 0.23 1.8 0.230 0.347
12 PVMC 7.3 82 0.08 AD/10.9 0.33 0.98 0.330 0.310
13 PF 30.3 -7 0.32 0.32 0.320
14 PVMC 39.9 DC/23.2 0.33 1.3 0.943
15 PVC 28.4 DC/17.8 0.61 0.61 0.610
Cohort 3

16 PVM 2 DCA 0 0.06 0.027 0.071
17 PVMC 3 DCA 0.14 0.14 0.134
18 PVM 12 169 0.09 AD/2.6 0.54 0.09 0.123
19 PVM 1 92 0.17 AD/3.3 0.06 0.65 0.060 0.188
20 PVMC 23 CR/O 0 0.27 0.053 0.226
21 PVMC 18.9 CR/O 0.48 0.48 0.480 0.480
22 PVMC 14 141 0.07 CR/O 0.28 0.14 0.280 0.140

PV, pemphigus vulgaris; PF, pemphigus foliaceus; M, mucosal-dominant; MC, mucocutaneous; C, cutaneous; DC, disease control; EoC, end of consolidation; CR, complete clinical
remission; AD, active disease.
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Participant Pemphigus Disease History Gender Age Type of Pemphigus PDAI Activity at Baseline Subanalyses

Cohort 4
1 . Relapsing F 63 PF 9 S, Cl
2 O Relapsing F 48 PVM 276 S
3 v Relapsing M 57 PF 20.3 S, Cl
4 ‘ Newly diagnosed F 42 PF 345 S,ClL, P
Relapsing F 62 PV M 14.6 S, Cl
@
Relapsing M 66 PV MC 1" s, Cl
°Q
7 . Relapsing F 85 PF 11.2 S, Cl
8 I:l Newly diagnosed M 47 PV MC 10.3 S,ClL, P
9 f Newly diagnosed M 67 PF 19 S, Cl
10 O Relapsing F 36 PF 30.2 S, Cl
1 . Newly diagnosed M 58 PVC 2 Cl
12 . Newly diagnosed F 66 PV MC 73 Cl
13 . Newly diagnosed (= 51 PF 30.3 Cl
14 Newly diagnosed M 22 PV MC 39.9
15 Relapsing M 30 PVC 284
Cohort 3
16 Newly diagnosed F 40 PVM 2
17 Relapsing M 36 PV MC 3
18 Relapsing F 48 PV M 12
19 Relapsing F 52 PVM 1
20 v Newly diagnosed F 65 PV MC 23 s
21 I Relapsing F 30 PV MC 18.9 S
22 Relapsing F 54 PV MC 14

PDAI, pemphigus disease area index; PV, pemphigus vulgaris; PF, pemphigus foliaceus; M, mucosal-dominant; MC, mucocutaneous; C, cutaneous.

The subanalyses column indicates the type of analysis performed: S, serology; Cl, cellular immunity; P, photography. List of participants, pemphigus disease history, gender, age, type of
pemphigus, and PDAI activity at baseline. The subanalyses column indicate the type of analysis performed: S, serology; Cl, cellular immunity; P, photography. Figure symbol shapes used
throughout the manuscript are indicated for each participant. PDAI, pemphigus disease area index; PV, pemphigus vulgaris; PF, pemphigus foliaceus; M, mucosal-dominant; MC,
mucocutaneous: C, cutaneous.
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Primer Sequence 5= 3’

Ascl-hDsg1-FW GGCGCGCCGCCACCATGGACTGGAGTTTCTTCAGAG
Agel-hDsg1-REV ACCGGTCTTGCTATATTGCACGGTACTATAC
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IgG ELISA score [U/mI] Patient age Disease status Therapy
anti-Dsg1 IgG anti-Dsg3 IgG

PF-IgG 756 0 82 Chronic none
PV-IgG 253 128 43 Acute relapse Dapson 50mg
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Initial treatment:

* Methylprednisolone:
0.6 mg/kg/d

* Azathioprine: 2mg/kg/d

Subsequent treatment:

*  Dupilumab: 300mg (every other week). Stop using dupilumab Subsequent treatment:
when the minimal dose of methylprednisolone is reached. » Tapering schedule: The initial treatment should be first reduced
+ Tapering schedule: The initial treatment should be first reduced 14 14 days after disease control. Reduce the dose of
days after disease control. Reduce the dose of methylprednisolone 8mg/2weeks. When the dose of
methylprednisolone 8mg/2weeks. When the dose of methylprednisolone reaches 0.3 mg/kg/day, reduce the dose of
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methylprednisolone is reached. * Maintain remission with no treatment or with minimal dose of
* Maintain remission with no treatment or with minimal dose of methylprednisolone (0.08 mg/kg/day or less).

methylprednisolone (0.08mg/kg/day or less).
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Gene Genotype/ Patients Control %2/OR (95% ClI) P-
Allele Value'
IL-13 rs1800925 cC 41 65 3.1 0.212
CT 16 16
aga 3 1
C Allele 98 146 0.549 (0.280- 0.078
1.077)
T Allele 22 18
IL-13 rs20541 GG 27 58 11.85 0.003**
AG 29 18
AA 4 9
G Allele 83 134 0.603 (0.353- 0.062
1.028)
A Allele 37 36
IFN -y T 48 63 5119 0.077
rs2430561 AT 10 20
AA 3 0
T Allele 106 146 0.908 (0.449- 0.787
1.834)
A Allele 16 20
" ““denotes P<0.01.

The frequencies of genotypes or alleles for IL-13 and INF-ywere listed in the table. The difference was compared using the Chi-square (y2) test.
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Haplotype Case (Frequency) Control (Frequency) x2 P-value' 0dds Ratio [95%Cl]

CAC 3.55 (0.030) 0.10 (0.001) 3.833 0.050* 47.626 (3.156-718.771)
CAT 16.18 (0.137) 16.12 (0.101) 0.870 0.351 1.417 (0.680-2.956)
CGC 17.67 (0.150) 31.26 (0.195) 0.979 0.322 0.725 (0.383-1.373)
CGT 58.61 (0.497) 94.52 (0.591) 2.450 0.118 0.682 (0.423-1.102)
TAC 0.78 (0.007) 2.54 (0.016) 0.294 0.588 0.415 (0.052-3.311)
TAT 16.49 (0.140) 12.24 (0.077) 2925 0.087 1.960 (0.897-4.281)
TGT 4.72 (0.040) 3.12 (0.019) 1.044 0.307 2.097 (0.492-8.947)
Global haplotype association p-value 0.080

" *denotes P=0.05.

The frequencies of the haplotypes (IL-4 (rs2243250) and IL-13 (rs1800925, rs20541)) in the BP (Case) and control patients (Control) were compared using the Chi-square (x2) test. The P
values and odds ratios with a 95% confidence (95%Cl) were calculated. A noticeable difference was found in the CAC(P=0.050) and TAT(P=0.087) haplotypes, respectively.
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Characteristics IL-13 rs20541 IL-13 rs1800925 Serum IL-13 pg/mL

GG AG AA P! cc cT g P mean  SD P

Age >60 8 11 2 0.958 13 6 3 0.313 182.67 + 299.21 0.402
<60 6 8 1 " 4 0 54.89 + 56.55

Gender female 6 14 0 0.027* 17 4 0 0.030* 154.74 + 324.86 0.138
male 8 5 3 7 6 3 4473 £ 27.09

Duration before treatment >5 months 5 6 2 0.501 10 3 1 0.804 98.18 + 168.97 0.823
<5 months 9 13 1 14 7 2 117.48 + 307.39

EOS% >5% 6 9 1 0.943 12 5 0 0.264 3137 +£9.13 0.082
<5% 6 7 1 9 3 2 174.03 + 337.68

EOS >0.6x109/L 7 10 1 0.848 14 5 0 0.147 31.01+£948 0.082
<0.5x109/L 5 5 1 6 3 2 174.03 + 337.68

Hospitalization no 10 14 2 0.965 19 5 3 0.119 94.09 + 143.72 0.646
yes 4 5 1 5 5 0 1385.1 £ 382.8

Mucosa involvement no 8 12 2 0.921 16 4 3 0.127 132.21 + 294.47 0.379
yes 6 7 1 8 6 0 4829 + 30.12

Extensive lesion no 6 9 1 0.891 " 4 2 0.719 60.09 + 52.17 0.259

>50% area yes 8 10 2 13 6 1 152.58 + 342.1

Complications no 13 17 3 0.811 22 9 3 0.855 115.29 + 266.86 0.674
yes 1 2 0 2 1 0 57.82 + 49.65

DIF IgG = 10 10 2 0.538 15 5 3 0.293 118.38 + 298.19 0.794
& 4 9 1 9 5 0 95.64 + 178.08

DIF C3 = 10 1" 1 0.431 16 5 2 0.65 141.57 + 311.76 0.308
+ 4 8 2 8 5 1 51.1+41.48

IF = 5 10 2 0.491 10 6 2 0.503 202.63 + 391.77 0.168
+ 9 9 1 14 4 1 49.26 + 37.98

"*denotes P<0.05.

The IL-13 genotypes with alleles (GG, AG, AA for rs20541 and CC, CT, TT for rs1800925) were calculated and associated with BP patients’ data. A significant association with gender was
found in the IL-13 rs20541 (P=0.027) and rs 1800925 (P=0.030).
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Clinical features/days On the skin On the oral mucosa Methylprednisolone dose (mg/day)

Blister Erythema Erosion Crust Itching Blister Erosion

0 + + + + + - - 30
7 - - = - - - - 28
55 - = = = = = = 22
105 - - - - - - — 14
120 - = = = = = = 12
270 + + + + + + + Stopped from day 150 and restarted with 40 mg/day from day 270
279 - N = - . = = 38

—, negative.
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Autoantigens Peptide name Amino acid sequences Starting amino acid position ECD or ICD

BP180 LQ66 KTVSTKGKTTTADIC 411 ICD
Dsg1 LQ144 CGAPRSAAGFEPVPE 575 ICD
Dsg3 LQ123 CSPGTRYGRPHSGRL 603 ECD
Dsg3 LQ133 CNVREGIAFRPASKT 376 ECD

Dsg1, desmoglein 1; Dsg3, desmoglein 3; ECD, extracellular domain; ICD, intracellular domain.
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Variables

Female gender, N (%)
Age at diagnosis (years), median (IQR)
Delay between symptoms and diagnosis (months), median (IQR)
Immune deposits at BMZ in DIF
19G, N (%)"
19A, N (%)"
19G and IgA, N (%)*
Exclusive IgA, N (%)"
C3, N (%)"
MMP with anti-type VIl collagen reactivity, N (%)
Anti-BP180 positivity, N (%)
Mucosal involvement only at diagnosis, N (%)
Ocular monosite MMP, N (%)
Severe MMP, N (%)
Therapedtic lines before baseline
Immunomodulatory drugs?, N (%)
DDS/salazopyrine, N (%)
ISA, N (%)
Cyclophosphamide, N (%)
Previously experience CR before RTX, N (%)
Age at baseline (years), median (IQR)
Time duration between first symptoms and baseline (months), median (IQR)
Time duration between diagnosis and baseline (months), median (IQR)
RTX indication
Refractory/contraindication to immunomodulatory drugs, N (%)
Refractory to ISA, N (%)
Time duration of ISA treatment (months), median (IQR)
Contraindication to conventional ISA, N (%)
Baseline Involvement
Number of sites involved, median (IQR)
QOcular, N (%)
Laryngeal, N(%)
Buccal, N (%)
Skin, N(%)
Genital, N(%)
Anal, N (%)
Esophagus, N(%)
>1 site involved, N (%)
>2 sites involved, N (%)
Baseline activity MMPDAI score, median (IQR)
Concomitant treatments at baseline
Immunomodulatory drugs”, N (%)
DDS and/or salazopyrine, N(%)
Systemic corticosteroid, N (%)
Topical corticosteroids®, N(%)
Less than 4 months between the two first cycles, N (%)
Time to CR (months), median (IQR)
Number of RTX cycles to achieve CR, median (IQR)
Number of RTX injections to achieve CR, median (IQR)
Concomitant immunomodulatory drugs after baseline, N (%)
Initiation/resumption of DDS/salazopyrine after baseline, N (%)

68
57
57
44

709
36.3
6.8

69
56
35
19

2.0
42
37
55
26
"

61
36
11.0

64
55
2
14
16
n7
20
4.0
84
25

(©2.1)

.0
(48.8)
(43.0)
(64.0)
(30.2)
(12.8)
(10.5)

6.8
(70.9)
41.9)
(13.0)

(74.4)
(64.0)
@3
(16.3)
(20.8)
©.0)
.0
“.0)
©7.7)
(29.1)

No relapse
N =68
41 (56.2)
69.7 (19.2)
14.6 (30.4)
53 (77.9)
28 @1.2)
22 (32.4)
6 (8.8
54 (79.4)
8 (11.0)
22 (36.7)
37 61.7)
9 (12.3)
70 (95.9)
56 (76.7)
47 (64.4)
46 (63.0)
34 (46.6)
7 9.6)
709 (17.1)
385 (62.2)
6.1 (16.3)
57 (78.1)
45 (61.6)
30 (7.0)
18 (24.7)
2.0 2.0
35 7.9
32 (43.8)
46 (63.0)
22 (30.1)
9 (12.3)
8 (11.0)
4 (5.5)
52 (71.2)
31 (42.5)
1.5 (13.2)
53 (72.6)
45 61.7)
2 @7
12 (16.4)
13 (20.0)
1.8 ©9.2)
2.0 2.0
4.0 (3.2
71 97.3)
22 (30.1)

74.0
16.5

WOWN o= OO

@

12

"
10

74.3
32.2
85

12
"
5.0

Soo=anvro00~ND

1.4
20
4.0

13
3

Relapse
N=13

80.8)
(25.2)
©7.8)

(69.2)
(38.5)
(30.8)
(7.7)

©2.3)
(84.6)
@.7)
7.7

@3.0)

(53.8)
(38.5)
(69.2)
(30.8)
(15.4)
.7)

.7

(69.2)
(38.5)
(12.5)

(84.6)
(76.9)
0
(15.4)
(25.0)
5.8)
(1.2)
@3.2)
(100.0)
(@3.1)

P-value**

0.1323
0.6042
0.6211

0.4909
>0.9999
>0.9999
>0.9999

0.2980

0.6436

0.5330

0.6092

0.3805
>0.9999

0.2847
0.5290
0.2035
0.0690
>0.9999
0.5875
0.5466
0.4658

0.1727
0.1286
0.9616
0.2810

0.9056
0.9276
0.9549
0.7623
>0.9999
0.6698
>0.9999
0.5687
>0.9999
>0.9999
0.6641

0.5005
0.3608
>0.9999
>0.9999
0.7055
0.6863
0.6586
0.6823
>0.9999
0.7480

CR, complete remission; IQR, interquartile range; BMZ, basement membrane zone; DIF, direct immunofiuorescence; Ab, antibody; MMP, mucous membrane pemphigoid; DDS, dapsone;
ISA, immunosuppressive agents; RTX, rituximab; MMPDAI, mucous membrane pemphigoid disease activity index. *Only the 86 patients with MMP and more than 6 months of follow-up
after complete response were included in this analysis, *‘univariate comparison analyses between the CR and non-CR groups. *based on 81 cases; " i.e., DDS, Sulfasalazine, doxycycline

or equivalent, hydroxychloroquine, acitretine or colchicine; *cutaneous application of more than 10g/d of high potent topical corticosteroids.
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Variables

Female gender, N (%)
Age at diagnosis (years), median (IQR)
Time duration (months) between symptoms and diagnosis, median (IQR)
Immune deposits at BMZ in DIF
19G, N (%)"
1A, N (%)"
19G and IgA, N (%)*
Exclusive IgA, N (%)"
C3,N (%)
Anti-BP180 antibodies, N (%)
MMP with anti-type VII collagen reactivity, N (%)
Mucosal involvement only at diagnosis, N (%)
Ocular monosite MMP, N (%)
Severe disease at diagnosis, N (%)
Therapeutic lines before baseline
Immunomodulatory drugs”, N (%)
DDS/salazopyrine, N (%)
ISAs, N (%)
Cyclophosphamide, N (%)
Previously had a period of CR before baseline, N (%)
Age at baseline (years), median (IQR)
Time duration between first symptoms and baseline (months), median (IQR)
Time duration between diagnosis and baseline (months), median (IQR)
RTX indication
Refractory/contraindication to immunomodulatory drugs, N (%)
Refractory to ISAs, N (%)
Time duration of ISAs treatment (months), median (IQR)
Contraindication to conventional ISA, N (%)
Baseline Involvement
Number of sites involved, median (IQR)
Ocular, N (%)
Laryngeal, N(%)
Buccal, N (%)
Skin, N (%)
Genital, N(%)
Anal, N (%)
Esophagus, N (%)
>1 site involved, N (%)
>2 sites involved, N (%)
Baseline activity MMPDAI score, median (IQR)
Concomitant treatments at baseline
Immunomodulatory drugs™, N (%)
DDS and/or salazopyrine, N (%)
Systemic corticosteroid, N(%)
Topical corticosteroids®, N (%)
Number of RTX cycles in 8 months, median (IQR)
Number of RTX injections in 8 months, median (IQR)
> 3 RTX injections, N (%)
Concomitant immunomodulatory drugs after baseline, N (%)
Initiation/resumption of DDS/salazopyrine after baseline, N (%)

Al
N=101
52 (51.5)
69.7 (215
159 (334
73 7.7
a7 (39.4)
29 (30.9)
8 85)
72 (72.6)
30 (29.7)
12 (119
50 49.5)
17 (16.8)
o7 96.0)
81 (80.2)
68 67.3)
67 (66.4)
52 (51.5)
9 89)
705 (190
342 (63.5)
73 (13.3)
78 77.2)
66 (65.3)
40 6.0)
23 22.8)
20 @0)
52 (51.5)
42 @1.6)
63 (62.4)
29 (8.7)
12 (119
12 (11.9)
7 ©9)
68 67.9)
43 42.6)
110 (187)
78 772
68 67.3)
4 (4.0)
16 (15.9)
2 (1.0)
4 ©2.0)
61 (60.4)
99 (98.0)
27 (26.7)

58
48
53
39

70.2
41.4
7.1

57
52
4.0
16

20
41

33
46
22

10

51

33
1.7

16
70.9
15.9

23
20
14
13

71.0
32.1
7.5

P-value**

0.3450
0.0684
0.7443

>0.9999
0.7290
0.7947

>0.9999
0.8212
0.8113
0.1735
0.5389
0.5639

>0.9999

0.6309
0.5248
0.1041

0.6582
>0.4381
0.1417
0.1258
0.3203

>0.9999
0.0852
0.4846
0.8484

0.3843
0.1919
0.4293
0.9414
0.8982
>0.9999
0.5069
0.6713
0.5722
0.4966
0.1478

0.7261
0.5248
>0.5713
0.4497
0.0118
0.0001
<0.0001
0.4651
0.1304

CR, complete remission; IQR, interquartile range; BMZ, basement membrane zone; DIF, direct immunofiuorescence; DDS, dapsone; ISAs, immunosuppressive agents; RTX, rituximab;
MMPDAI, mucous membrane pemphigoid disease activity index. *Only the 101 patients with MMP and more than 8 months of follow-up after baseline were included in this analysis.
**univariate comparison analyses between the CR and non-CR groups. *hased on 94 cases; Ti.e., DDS, Sulfasalazine, doxycycline or equivalent, hydroxychloroquine, acitretin or
colchicine; *cutaneous application of more than 10g/d of high potent topical corticosteroids.
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Al Incidence per 100 person-year

N =109
Adverse events, N (%) 51 (46.8) 10.51
Severe adverse events, N (%) 23 (21.1) 4,74
Biological adverse events, N (%) 29 (26.6) 5.98
Neutropenia, N (%) 1 (0.9) 0.21
Lymphopenia, N (%) 28 (25.7) 5.77
Preexisting before RTX, N (%) 24 (22.0) na
Clinical adverse events, N (%) 34 (31.2) 7.01
Number of cycles before adverse events, median (range) 2 (1-7) 0.41
Infectious adverse events, N (%) 20 (18.3) 4.12
Bacterial pneumopathy, N (%) 12 (11.0) 2.47
COVID-19 infection, N (%) 3 @7 3.16
Flue, N (%) 1 0.9 0.21
Bacterial cellulitis, N (%) 1 0.9 0.21
Tuberculosis, N (%) 1 0.9) 0.21
Bacterial osteitis, N (%) 1 0.9) 0.21
Bacterial urinary tract infection, N (%) 4 3.7) 0.82
Severe bacterial septicemia, N (%) 3 (2.8) 0.62
Candida septicemia, N (%) 1 0.9 0.21
Non-infectious adverse events, N (%) 12 (11.0) 247
Infusion reaction, N (%) 5 (4.6) 1.03
Cardiac arrythmia, N (%) 1 0.9 0.21
Heart failure, N (%) 1 0.9 0.21
NASH, N (%) 1 0.9 0.21
Cancer, N (%) 6 (5.5) 1.24
Death, N (%) 7 (6.4) na
Age at death (years), median (range) 79.9 (41.5-91.2) na
Time duration between last RTX and death, median (months), median (range) 13.2 (1.2-93.6) na
Imputable to RTX, N (%) 4 3.7) na

RTX, rituximab; NASH, non-alcoholic steatosis hepatitis; na, not acquired.
Number (N) and percentage (%) of patients who had adverse events.
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Characteristics All MMP
N =109
Follow-up duration (months), median (range) 514 (1.2-
132.8)

Total number of RTX cycles, median (IQR) 4.0 4.0

Total number of RTX injections, median (IQR) 6.0 (6.0)

Number of RTX cycles within 1st year after baseline, med (IQR) 2, (1-4)

Number of RTX injections within 1st year after baseline, med 4 (1-7)

(IQR)

Patients with at least 2 cycles, N (%) 97  (89.0)
Time duration between the first two RTX cycles (months), 6.1 (2.9

median (IQR)

Patients with less than 4 months between the first two RTX 24 (22.0
cycles, N (%)

Disease control, N (%) 97  (89.0)
Time to DC (months), median survival (SD) 7| (0.5)
Number of RTX cycles to achieve DC, median (range) 1 (1-6)
Time to disease control according to the site

Ocular, median survival (SD) 6.3 (2.0
Larynx, median survival (SD) 8.2 0.7)
Skin, median survival (SD) 3.7 (1.1)
Buccal, median survival (SD) 557 0.6)
Genital, median survival (SD) 5.7 (1.4)
Anal, median survival (SD) 35 0.2)

CR, N (%) 93 (85.9)
Time to CR (months), median survival (SD) 122 (0.4)
Number of cycles to achieve CR, median (range) 2 1-7)
Number of injections to achieve CR, median (range) 4 (2-14)
Patients in CR after one cycle, N (%) 29  (26.6)
Patients in CR after one or two cycles, N (%) 67 (61.5)
CR achieved within 1st year after baseline, N (%) 49  (45.0)
Time duration in CR (months), median (range) 289 (0.7-

110.4)

CR off RTX, N (%) 64  (58.7)

Time duration in CR off RTX (months), median (range) 249 (0.5-
101.3)

CR off RTX with minimal therapy, N (%) 24 (22.0)
Time duration in CR off RTX with minimal therapy (months), 211 (24—

median (range) 70-9)

CR off RTX with more than minimal therapy, N (%) 40  (36.7)
Time duration in CR off RTX with more than minimal therapy ~ 21.7 (0.5

(months), median (range) 101.3)

CR on RTX, N (%) 29  (26.6)
Time duration in CR on RTX (months), median (range) 1.7  (0.7-

78.9)

Relapses after CR

First relapse, N (%) 36 (38.7)
MMPDAI at relapse!, median (range) 2.2 (0.0~
15.0)
Number of sites involved', median (range) 1 (1-3)
Oculart, N (%) 16 (44.4)
Laryngeal’, N (%) 7 (194
Buccal®, N (%) 11 (30.6)
Skin', N (%) 9 (250
Genital®, N (%) 1 2.8
CR after relapse treatment’, N (%) 33 (91.7)
Number of RTX cycles to achieve CR', median (range) 1 0-4
Time to CRY, median (range) 56  (3.0-
37.8)
Second relapse, N (%) 9 ©.7)
>2 relapses”, N (%) 1 (1.1)

Partial response, N (%) 11 (10.1)

No response, N (%) 5 (4.6)

Concomitant therapies at last follow-up, N (%) 106 (97.2)
DDS and/or sulfasalazine, N (%) 99 (90.8)
Topical corticosteroids®, N (%) 1 0.9
Systemic corticosteroids, N (%) 1 0.9

MMP, mucous membrane pemphigoid; RTX, rituximab; IQR, interquartile range; DC,
disease control; SD, standard deviation; CR, complete remission; MMPDAI, mucous
membrane pemphigoid disease activity index; DDS, dapsone. *based on 93 cases who
had CR; "based on 36 cases who had a relapse; *cutaneous application of more than
10g/d of high potent topical corticosteroids. 1 corresponds to the definition of * based on

93 cases in CR.
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Characteristics All MMP
N =109

Age at baseline (years), median (IQR) 70.5 (20.0)

Time duration (months) between first symptoms and baseline, 35.8 (60.6)

median (IQR)

Time duration (months) between diagnosis and baseline, median 74 (13.2)

(IQR)

Baseline Involvement
MMPDAI activity score, median (IQR) 109 (13.2)
Number of sites involved, median (IQR) 2 (1-6)
>1 site involved, N (%) 70 (64.2)
>2 sites involved, N (%) 44 (40.4)
Ocular, N (%) 56 (51.4)
Larynx and/or trachea, N( %) 43  (39.4)
Buccal, N (%) 67 (61.5)
Skin, N (%) 30 (27.5)
Genital, N (%) 12 (11.0)
Anal, N (%) 12 (11.0)
Esophagus, N (%) 7 (64)

RTX indication
Refractory/contraindication to immunomodulatory drug", N (%) 89 (81.7)
Refractory to ISAs, N (%) 71 (65.1)
Time duration of ISAs treatment, median (IQR) 50 (6.7)
Contraindication to conventional ISA, N (%) 25 (22.9)
Treatment side effects, N (%) 31 (28.4)
Non-compliance with treatments, N (%) 6 (5.5

Concomitant therapies at baseline
Immunomodulatory drugs”, N (%) 85 (78.0)

DDS and/or salazopyrine, N (%) 72 (66.1)

Topical corticosteroids*, N (%) 17 (15.6)
Systemic corticosteroids, N (%) 5 (4.6

MMP, mucous membrane pemphigoid; IQR, interquartile range; MMPDAI, mucous
membrane pemphigoid disease activity index; ISA, immunosuppressive agents; DDS,
dapsone. Ti.e.,, DDS, Sulfasalazine, doxycycline or equivalent, hydroxychloroquine,
acitretin or colchicine; *cutaneous application of more than 10g/d of high potent topical

corticosteroids.
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Characteristics All MMP
N =109
Female gender, N (%) 56 (51.4)
Age at diagnosis (years), median (IQR) 69.7 (21.6)
Delay between symptoms and diagnosis (months), median (IQR)  15.9  (30.4)
Immune deposits on BMZ
Immune deposits in DIF*
19G, N (%) 64  (66.0)
IgA, N (%) 29 (29.9)
1gM, N (%) 2 ©@.1)
C3, N (%) 60  (61.9)
Immune deposits in DIEM or DIFf
19G, N (%) 78 (77.2)
IgA, N (%) 39 (38.6)
C3, N (%) 77 (76.2)
Anti-BP180 antibodies, N (%) 32 (29.4)
Involvement at diagnosis 53 (48.6)
Muco-cutaneous, N (%) 56 (51.4)
Mucous only, N (%)
MMP with anti-type VII collagen reactivity, N (%) 12 (11.0
Sites affected at diagnosis 65 (59.6)
Ocular, N (%)
Nose and throat, N (%) 74 67.9)
Larynx/Trachea, N (%) 54 (49.5)
Esophageal, N (%) 9 8.3
Genital, N (%) 34 (31.2)
Anal, N (%) 20 (18.9)
Buccal, N (%) 7 (65.1)
Cutaneous, N (%) 53 (48.6)
Number of sites involved, median (IQR) 3 (2.0)
>3 sites involved, N (%) 73 (67.0)
Severe MMP, N (%) 104 (95.4)
Prior failed treatments
Immunomodulatory drugs'“, N (%) 88 (80.7)
DDS/salazopyrine, N (%) 74 67.9)
1SAs, N (%) 72 (66.1)
Cyclophosphamide, N (%) 55 (60.5)
Prednisone, N (%) 12 (11.0)
MMF, N (%) 7 (6.4)
Cyclosporine, N (%) 4 3.7
IVIG, N (%) 4 (3.7)
Azathioprine, N (%) 2 (1.8)
MTX, N (%) 2 (1.8)
RTXF, N (%) 1 0.9
Previously had a period of CR before baseline, N (%) 10 9.2)

MMP, mucous membrane pemphigoid; IQR, interquartile range; BMZ, basement
membrane zone; DIF, direct immunofluorescence; DIEM, direct immuno electron
microscopy; DDS, dapsone; ISAs: immunosuppressive agents; MMF: mofetil
mycophenolate; IVIG, intravenous immunoglobulins; MTX: methotrexate; RTX,
rituximab. *based on 97 cases who had DIF; "based on 101 cases who had DIF or
DIEM; " i.e., DDS, sulfasalezine, doxycycline or equivalent, hydroxychloroquine, acitretin or
colchicine;: *this patient had had one RTX cycle 5 years before baseline in another center.
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ALDH isoform

Aldh16at
Aldh18at
Aldh1b1
Aldh3b1

Transcript identifier

ENSMUSG00000007833
ENSMUSG00000025007
ENSMUSG00000035561
ENSMUSG00000024885

p-value

0.0332
0.0607
0.0468
0.0180

Effect size

0.3758
0.3212
0.6140
0.5280
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Pat. Genetically
No  confirmed
EB type

1 EBS severe

2 EBS with
plectin
deficiency

3 RDEB
intermediate

4 sRDEB

5 sRDEB

6 SRDEB

7 JEB
intermediate
(clinical
diagnosis)

8 JEB generalized
intermediate

9 RDEB “nails
only”

10 DDEB “mild”

Protein
expression
level (if
available)
or
mutation

KRTs:
heterozygous
c. 1429G > T/
p.E477%,
published in 9

plectin
negative

collagen VII
reduced

collagen VII
negative

collagen VII
negative

collagen VII
strongly
reduced

collagen XVII
reduced

laminin 332
reduced

collagen VII
normal

collagen VII
expression
slightly
reduced

AIBD

BP

BP

BP

BP

BP,
PDIi
associated

linear IgA
bullous
dermatosis
with
epitope
spreading,
PDIi
associated

BP

BP

EB
acquisita

EB
acquisita

DIF

linear
deposition
of IgG at
the DE]

NA

NA

negative
(biopsy
taken after
steroid
treatment)

NA

NA

linear
deposition
of IgG and
C3 at the
DEJ

linear
deposition
of IgG and
C3 at the
DEJ

linear
deposition
of IgG
at the DEJ

linear
deposition
of IgG and
C3 at the
DE]

IIF

ss-IF (IgG):
Staining on
the
epidermal
side of the
split

ss-IF (IgG):
Staining on
the
epidermal
side of the
split

ss-IF (IgG):
Staining on
the
epidermal
side of the
split

ss-IF (IgG):
Staining on
the
epidermal
side of the
split

ss-IF (IgG):
Staining on
the
epidermal
side of the
split

ss-IF (IgA):
Staining on
the
epidermal
side of the
split (IgG
negative);
IF on
monkey
esophagus
(IgA):
Intercellular
staining
(IgG
negative)
ss-IF (IgG):
staining on
the
epidermal
side of the
split

ss-IF (IgG):
staining on
the
epidermal
side of the
split

ss-IF (IgG):
staining on
the dermal
side of the

split

ss-IF (IgG):
staining on
the dermal
side of the

split

Autoantibodies
detected per
ELISA

BP180 IgG
(immunoblot)

BP180 IgG
(20 U/ml)

BP180 IgG
(37 U/ml)
BP230 IgG
(29 U/ml)
Col VII IgG
(ratio 1.00)

BP180 IgG
(19 U/ml)
BP230 IgG
(20 U/ml)

BP180 IgG
(18 U/ml)
BP230 IgG
(14 U/ml)
Col VII IgG
(ratio 1.03)

BP230 IgA

Col VIT IgA
Desmocollin 2 IgA
Desmocollin 3 IgA
Desmoglein 3 IgA
Desmoglein 1 IgG
(31 U/ml)
Desmoglein 3 IgG
(17 U/ml)

BP180 IgG

(10 U/ml)

BP230 IgG

(15 U/ml)

Col VII IgG

(ratio 1,52)

BP180 IgG

BP180 IgG

ColVII IgG
BP180 1gG
BP230 1gG
Laminin .3 chain
IgG

Laminin B3 chain
IgG

ColVII IgG

Treatment

initially topical treatment
with high potency steroids
and systemic treatment with
doxycycline 200 mg/day
and nicotinamide 400 mg/
day, then change to
dapsone 50 mg 2x/d

topical treatment with
medium potency steroids

topical treatment with
medium potency steroids

systemic treatment with
prednisolone (starting dose
1 mg/kg bodyweight/day)
followed by slow tapering
and doxycycline 100 mg/
day

topical treatment with
medium potency steroids

no specific therapy; PDIi
treatment was stopped due
to insufficient tumor
response

systemic treatment with
prednisolone (starting dose
60 mg/day) and
mycophenolate mofetil 1 g
twice daily

initial systemic treatment
with prednisolone (starting
dose 40 mg/day),
doxycycline 200 mg/day
and nicotinamide 750 mg/
day, then change to
systemic and topical
steroids and dapsone 50
mg/d for 2 month

sequential systemic
treatment with prednisone
(1 mg/kg/day) and
colchicine (2 mg/day)

systemic treatment with
prednisolone 0,5 mg/kg
bodyweight/day

Treatment Reference

response

improvement this study
under dapsone,
but still itch

and blisters

itching and
blister
formation

this study

decreased
significantly

loss of follow-up ~ this study

itching and
blister

this study

formation
decreased, but
flaired up
during steroid
tapering

the already
mild symptoms
improved;

PDi therapy
was continued

this study

itching this study
decreased

significantly a

few weeks after
discontinuation

of PD1i

treatment

acquired (10)
blistering was
resolved

(patient died a

few month later

from a brain

tumor)

clear
improvement of
BP after
dapsone and

an

systemic
steroids (but
not resolved)

minimal clinical (12)
improvement,
thereafter any
therapy was

refused by the

patient

treatment
efficacy was
limited; the
patient died 3
years after
diagnosis of
EBA

(13)

The autoantibodies, which we consider AIBD-causing are depicted in bold. The upper limit norms of antibody-titers from this study are the following BP180 = 9 U/ml, BP230 = 9 U/ml,
desmoglein 1 = 14 U/ml, desmoglein 3 = 7 U/ml, collagen VII= ratio 1.00. Protein expression levels in patients 2-6 were evaluated by immunofluorescence stainings with the respective
specific antibodies. AIBD, autoimmune bullous diseases; BP, bullous pemphigoid; ColVIL, collagen VII; DEB, dystrophic epidermolysis bullosa; DEJ, dermal-epidermal junction; DIF, direct
immunofluorescence; EB, epidermolysis bullosa; EBS, EB simplex; IIF, indirect immunofluorescence; JEB, junctional EB; NA, not available; ss-I1F, indirect immunofluorescence on human
salt-split skin; SRDEB, severe recessive DEB; PD1i, programmed cell death protein 1 inhibitor.





OPS/images/fimmu.2022.945176/fimmu-13-945176-g003.jpg





OPS/images/fimmu.2022.945176/fimmu-13-945176-g002.jpg





OPS/images/fimmu.2022.945176/fimmu-13-945176-g001.jpg
ANE-EFIET autbantibodies:

patent2
patont
patents
Patent
Patents

€8s U8 OOEB ROEB  ROES
POt T





OPS/images/fimmu.2021.773720/fimmu-12-773720-g001.jpg
oA
F

EURCIMMUN 170704 <B

LAMBS3 (+/- His) LAMB3 (+/- His)

A3,B3, C2

A3,B3, C2 (+/- His) LAMC2 (+/- His) | A3,B3,C2 (+/- His)

LAMC2 (+/- His)






OPS/images/fimmu.2022.945176/crossmark.jpg
©

2

i

|





OPS/images/fimmu.2021.773720/fimmu-12-773720-g002.jpg





OPS/images/fimmu.2022.953546/table2.jpg
No DIF sslIF(roof side) FLBP180 BP180 NC16A BP230 IgE (kU/I) Blood eosinophilia (thousands/pl)
1 IgM + I9G + 11.21 148 92 1,063 0.55

2 19G +, C3 + 19G + 16.19 39 10 233 2.31(BP)

3 19G +, C3 + 19G + 86.23 n n 141 0.85 (IC)

4 19G +, C3 + 19G + 47.15 118 n 141 3.41(BP)

5 NA IgG + n 25 n 335 0.32

6 NA I9G + 26.88 n n NA 037

7 NA I9G + 7.74 10 156 21 3.57 (ICl)

8 19G +, C8 +, discrete IgM 19G + 105.79 15 B NA 045

n, negative; sslIF, split skin of indirect immunofiuorescence; FLBP180, cutoff <4.64 U/mi; BP180, NC16A cutoff <9 U/mi; BP230, cutoff <9 U/mi; IgE positive > 100 kU, blood eosinophilia

cutoff > 0.44 thousands/ul.
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No. Sex/age at

cancer
onset
1 m/e7
2 M/50
3 M/51
4 w77
5 M/69
6 F/64
7 M/26
8 M/60

Cancer Oncologic

MM

DM

NM

NM

MUP

MCC

SCC

HCC

treatment

P 2nd line
(17 cycles)

P 1st line
(24 cycles)

N 2nd line
(32 cycles)

P 1st line
(24 cycles)

N 1st line
(5 cycles)

N 1st line
(2cycles)
C 2nd line

N-L 1st line
(5 cycles)

Treatment Interval of BP onset  Age at
response after last ICl initiation BP

onset
CR 12 months 73
CR 15 months 72
CR 21 months 62
PD 15 months 80
PR 9 months 70
CR 2 months 65
PD 3 months 26
CR 6 months 60

BP phenotype

Pruritic, non-bullous,
palmoplantar

Urticarial, bullous,
palmar

Bullous
postinflammatory milia,
plantar

Urticarial, bullous,
palmoplantar

Localized, bullous

Localized, plantar
Bullous
Urticarial, bullous,

palmoplantar, oral
mucosa

BPDAI

>57
(sev)

49
(mod)

47
(mod)

>57
(sev)

NA
(mild)

6
(miilcl)
>57
(sev)
>57
(sev)

BP
treatment

tGCS,
sGCS
dapsone
rituximab
1GCS,
sGCS
dapsone
rituximab
tGCS,
sGCS

1GCS,
sGCS
docycycline
dapsone
tGCS,
sGCS
dapsone
tGCS

tGCS
tGCS,

sGCS
doxycycline

BP
duration

12
months

9
months

2
months

19
months

months

2
months
6
months
Ongoing

Other irAE

Nephritis
Hypophysitis

Vitiligo
Thyreoiditis

Nephritis
Hepatitis
Alopecia
Areata
totalis
None

None

Oral lichen
planus
None

None

MUP, melanoma of unknown primary; C, cemiplimab; DM, desmoplastic melanoma; F, female; HCC, hepatocellular carcinoma; M, male; MCC, Merkel cell carcinoma; MM, malignant
melanoma; N, nivolumab; NM, nodular malignant melanoma; N-L, nivolumab~lenvatinib; P, pembrolizumab; SCC, squamous cell carcinoma; tGCS, topical glucocorticosteroids; SGCS,

systemic glucocorticosteroids.
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ID Age Sex IIF Dermal Laminin Domain reactivity Other autoantibodies

LAMAB-IgG1 85 M +40 o3 -
LAMAS-IgG2 61 M +10 o3 -
LAMAG-IgG3 63 M +10 o3 BP180/BP230
LAMAS-IgG4 50 F +10 o3 N
LAMB3-IgG 1 NR NR +10 B3 BP180
LAMB3-IgG2 NR NR +10 B3 =
LAMB3-IgG3 49 F +10 B3 -
LAMB3-IgG4 78 M +10 B3 =
LAMC2-IgG1 56 F - 2 -
LAMC2-IgG2 74 M +10 2 -
LAMC2-IgG3 84 M +10 ) P200
LAMC2-IgG4 69 M +10 2 =

lIF, indirect immunofiuorescence; NR, No record. IIF was performed on salt split human skin with serial dilution to 1:10 and 1:40. Laminin subunit reactivity was determined by
immunoblotting. The presence of BP180, BP230, and collagen 7 antibodies was assessed by ELISA. Notably, neither patient with BP180 antibodies demonstrated epidermal staining.
Immunoblotting was used to screen sera for reactivity against p200.
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Group Dupilumab group Conventional group

Adverse events N = 8, n (%), severity N =16, n (%), severity
Osteoporosis® 1(12.5), grade 1 2 (12.5), grade 1
Leukocytosis® 0 1/16 (6.25), grade 3
Total 1(12.5) 4(18.5)

?A disorder characterized by reduced bone mass, with a decrease in cortical thickness
and in the number and size of the trabeculae of cancellous bone (but normal chemical
composition), resulting in increased fracture incidence. Grade 1: radiologic evidence of
osteoporosis or bone mineral density (BMD) t-score —1 to —2.5 (osteopenia). (CTCAE v5.0
—27 November 2017).

°A disorder characterized by laboratory test results that indiicate an increased number of
white blood cells in the blood. Grade 3: >100,000/mm°. (CTCAE v5.0—27 November
2017).
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Groups Sole LM332 (88) Multiple-Ags (45)

Oral erosion 66 (75%) 26 (58%)"
Oral blister 17 (19%) 16 (36%)*
sslIF for reactivity with dermal side (IgG) 81 (92%) 35 (78%)"
IB of LM332 RP for 165-kDa LMa:3 (IgG) 50 (57%) 15 (33%)"
IB of LM332 RP for 145-kDa LMo:3 (IgG) 46 (52%) 14 (31%)*
IB of LM332 RP for LMB3 (IgG) 35 (40%) 13 (29%)"
IB of LM332 RP for LMy2 (IgG) 41 (47%) 36 (80%)"*
Infiltration of eosinophils 12 in 53 (23%) 15 in 34 (44%)"
Infiltration of neutrophils 7in 53 (13%) 11in 34 (32%)"

*b < 0.05 when compared with sole LM332 group.
*5 < 0.001 when compared with sole LM332 group.
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Group Acantholysis(Pn/Tn) Mean pinch score

Anti-DP-C IgG 1-fold 4/4 225
Ye-fold 12 1
Vs -fold 12 0

Normal control IgG 1-fold 0/4 0
Ye-fold 072 0
vs -fold 0/2 0

Pn/Tn: number of positive/number of totals.
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Groups

Subepidermal
blister
Infiltration of
eosinophils
Infiltration of
neutrophils
Infiltration of
lymphocytes
Total*

All LM332-MMP  DIF+/sslIF+

(133)
81(93%)
27 (31%)
18 (21%)
16 (18%)

87

(69)
45 (96%)
16 (34%)

4 (30%)
2 (26%)

47

DIF+/sslIF-

13

(17)

(93%)

6 (43%)

1(6%)
1(6%)

14

*The total numbers of patients who had histopathological records.

DIF—/sslIF+
(12)

10 (91%)
2 (18%)
1 (%)
1(9%)

1"

DIF(ND)/sslIF
+ (35)

13 (87%)
3(20%)
2(13%)
2(13%)

156

IIF+
73)

47
(94%)
19
(38%)
9
(18%)
7
(14%)
50

IIF-
(57)

31
©1%)
8
(24%)
9
(26%)
9
(26%)
34

(88)

50 (94%)

12

(23%)

7(13%)

1(21%)

53

(45)
31 (91%)
5 (44%)
1 (32%)
5 (15%)

34

Sole LM332 Multiple-Ags DIF+/LM332

(55)

32 (94%)

9 (26%)
6 (18%)
8 (23%)

34
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Autoantibodies against

BP180 BP230 LMvy1 Dsg3 Periplakin Type VII collagen Dsg1 Envoplakin
Positive patient number 30 16 7 5 4 4 4 2
Positive rate 67% 36% 16% 1% 9% 9% 9% 4%

L My1, laminin y1; Dsg3, desmoglein 3; Dsg1, desmoglein 1.
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Groups DIF-/sslIF+ (12) Multiple-Ags (45) DIF+/LM332 (55)

Oral erosion N.S. 26 (58%)* 44 (80%)
Oral blisters 5 (42%)" 16 (36%)" 7 (13%)
Nasal lesion 3 (25%)* N.S. 1(2%)

IIF for BMZ (IgG) N.S. 28 (62%)* 23 (42%)
IB of LM332 RP for 165-kDa LMo:3 (19G) N.S. 5 (33%)* 32 (58%)
IB of LM332 RP for 145-kDa LMa:3 (IgG) 1 (8%)* 4 (31%)* 30 (55%)
IB of LM332 RP for LMy2 (IgG) N.S. 36 (80%)" 28 (51%)

‘D < 0.05 when compared with DIF+/LM332 group.
N.S., not significant.
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Groups DIF+/ssliF+ (69)  DIF+/sslIF- (17)  DIF-/ssliF+ (12)  DIF(ND)/sslIF+ (35) WIF+ (73) 1IF- (57)
Ocular lesion 31 (45%) N.S. N.S. NS. 39 (53%) 18 (329%)°
IF for BMZ (IgG) 47 (68%) 5 (29%)* N.S. NS. 73 (100%) N.S.
1B of LM332 RP for 145-kDa LMa3 (IgG) 36 (52%) N.S. 1 8%)* NS. 35 (48%) N.S.

%0 < 0.05 when compared with DIF+/sslIF+ group.
Sp < 0.05 when compared with lIF+ group.
N.S., not significant.





OPS/images/fimmu.2021.773720/table2.jpg
Biochip assay

Footprint assay

Anti-laminin 332 mucous membrane pemphigoid
Non-anti-laminin 332 mucous membrane pemphigoid
Pemphigus vulgaris

Healthy blood donors

Sensitivity®

Specificity
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55/61
90.2%
100%

54/54
100%
7/35
20%
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100%
100%

agixty-one sera; in seven sera of patients originally classified as non-anti-laminin 332 mucous membrane pemphigoid, an additional anti-laminin 332 IgG was detected in this studly.
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Groups AlLM332  DIF+/sslIF+  DIF+/ DIF DIF(ND)/  IIF+ IIF- Sole  Mutliple- DIF+/LM332
-MMP (133) (69) sslF-  —/ssliF+ sslIF+(35)  (73) (57  LM332  Ags (45) (55)
7) (12) (88)
Mucosal Oral  Erosion 92 (69%) 50 (72%) 13 (76%) 7 (58%) 22 (63%) 53 36 66(75%) 26(68%) 44 (80%)
lesions (73%) (63%)
Blister 33 (25%) 3(19%)  4(24%) 5(42%)  11(31%) 21 12 7(19%) 16 (36%) 7 (13%)
@9%)  (21%)
Ulceration 11 (8%) 4 (6%) 2(12%) 0(0%)  5(14%) 5(% 6(11%) 67%  5(11%) 5 (9%)
Unknown 6 (5%) 3 (4%) 2(12%)  0(0%) 13%)  2@% 4(7%  3(3%) 3(7%) 2 (4%)
Total 119(89%)  62(90%) 15 (88%) 12 30 (86%) 65 51 79(90%) 40 (89%) 50 (91%)
(100%) 89%)  (89%)
Ocular Hyperemia 16 (12%) 10(14%)  2(12%)  2(17%) 2 (6%) 12 47%)  12(14%) 4 (9%) 7 (13%)
(16%)
Erosion 15 (11%) 9 (13%) 00%  0(0%  6(17%) 12 3% 8%  7(16%) 5 (9%)
(16%)
Scar 17 (13%) 1(16%)  2(12%)  1(8%) 3(9%) 11 6(11%) 12(14%)  5(11%) 9 (16%)
(15%)
Unknown 18 (14%) 12 (17%) 16%) 0%  5(14%) 14 4% 14(16%) 4 (9%) 0 (18%)
(19%)
Total 57 (43%) 31(45%)  5(29%) 6 (50%) 15 (43%) 39 18 40(45%) 17(38%) 25 (45%)
(53%)  (32%)
Pharyngeal 25 (19%) 2(17%)  5(9%)  18%)  7(20%) 15 10 16(18%) 9 (20%) 11 (20%)
@1%)  (18%)
Laryngeal 20 (15%) 12(17%)  2(12%) 3(25%)  3(9%) 11 9(16%) 13(15%) 7 (16%) 0 (18%)
(15%)
Genital 14 (11%) 7(10%)  2(12%) 18%)  4(1%) 8(11%) 6(11%) 8%  6(13%) 6(11%)
Nasal 8 (6%) 2 (3%) 0% B(5%) 3%  5(7%) 3(6% 4% 4(9%) 1(2%)
Esophageal 4(3%) 2 (3%) 16%)  18%) 00%  1(1%) 3(%  3E%) 1 (2%) 3 (5%)
Total 133 (100%) 69 (100%) 17 12 35(100%) 73 57 88 45 (100%) 55 (100%)
(100%)  (100%) (100%)  (100%)  (100%)
Cutaneous Lesions on trunk 75 (66%) 41(59%)  9(683%) 5(42%) 20 (57%) 45 27 46 (52%) 29 (64%) 27 (49%)
lesions (62%) (47%)
Lesions on limbs 77 (58%) 43(62%)  9(53%) 6 (50%) 19 (54%) 49 25 50 (57%) 27 (60%) 30 (55%)
67%)  (44%)
Blister 80 (60%) 48(70%)  9(63%) 5(42%) 18 (51%) 48 29 52(59%) 28(62%) 32 (58%)
66%)  (51%)
Erythema 33 (25%) 22(32%)  5(9%) 3(25%)  3(9%) 23 10 19(22%) 14 (31%) 5 (27%)
@2%)  (18%)
Erosion 22 (17%) 10(14%)  3(18%) 3(25%)  6(17%) 15 7(12%) 13(15%) 9 (20%) 6(11%)
@1%)
Ulceration 5 (4%) 2 (3%) 1(6%)  1(8%) 18%)  2@% 3%  3(3%) 2 (4%) 2 (4%)
Total 95 (71%) 54 (78%) 10 (59%) 8(67%) 23 (66%) 57 35 62(70%) 33(73%) 37 (67%)
78%)  (61%)
Associated  Lung cancer 4(3%) 3 (4%) 0(0%)  0(0%) 1@%)  1(1%  36E%  202%) 2 (4%) 2 (4%)
malignancies  Thyroid cancer 3 (2%) 1(1%) 1(6%)  0(0%) 18%) 206% 1% 1(1%) 2 (4%) 12%)
Uterine cancer 2 (2%) 1(1%) 1(6%)  0(0%) 0%  00% 2@% 2%  0(0%) 2 (4%)
Tongue cancer 2 (2%) 2 (3%) 0(0%)  0(0%) 00%  00% 2@4% 2%  0(0%) 2 (4%)
Pancreatic cancer 2 (2%) 1(1%) 16%)  0(0%) 0%  1(1%) 1%  0(0%) 2 (4%) 0 (0%)
Prostate cancer 2 (2%) 1(1%) 00%  1(8%) 0%  1(1%) 1% 2%  0(0%) 12%)
Ovarian cancer 2 (2%) 2 (3%) 0(0%)  0(0%) 00%  2(% 00% 1(1%) 1(2%) 1 (2%)
Leukemia 2 (2%) 1(1%) 0%  0(0%) 18%)  2@% 00% 1(1%) 1(2%) 0 (0%)
Gastric cancer 2 (2%) 1(1%) 0%  0(0%) 1@%)  101% 1%  202%) 0 (0%) 12%)
B-cell lymphoma 2 (2%) 2 (3%) 0(0%)  0(0%) 00%)  1(1%) 1% 1(01%) 1 (2%) 1 (2%)
Adenocarcinoma 1 (1%) 0 (0%) 0(0%  0(0%) 1@%)  1(1% 00% 1(1%)  0(0%) 0 (0%)
Pharyngeal cancer 1(1%) 1(1%) 0(0%)  0(0%) 0%  1(1%) 00% 1(1%  0(0%) 12%)
Breast cancer 1(1%) 0 (0%) 1(6%)  0(0%) 0%  00% 1% 1(1%  0(0%) 12%)
Liver cancer 1 (1%) 1(1%) 0(0%)  0(0%) 0(0%)  1(1%) 0%  0(0%) 1 (2%) 0 (0%)
Colon cancer 1 (1%) 0 (0%) 16%)  0(0%) 00%  1(1%) 00%  0(0%) 1 (2%) 0 (0%)
Kidney cancer 1 (1%) 0 (0%) 0%  0(0%) 1@%)  1(1%) 0(0%  0(0%) 1 (2%) 0 (0%)
Total 22 (17%) 12(17%)  4(@4%)  1(8%)  5(14%) 12 10 12(14%) 10 (22%) 8 (15%)
(16%)  (18%)
Detection DIF for BMZ (IgG) 86in 98 69 (100%) 17 0 (0%) UN 46in52 40in46 5965 27in33 55 (100%)
methods (88%) (100%) 88%)  (B7%)  (91%) (82%)
DIF for BMZ (C3) 75in 98 61(88%)  14(82%)  0(0%) UN 43in52 32in46 48in65 27in33  41(75%)
77%) 83%)  (70%)  (74%) (82%)
IIF for BMZ (IgG) 73in 130 47 68%) 5 (29%) (50%)  21in32 73 0(0%) 45in85 28(62%) 23 (42%)
(56%) (66%)  (100%) (53%)
ssllF for reactivity 116 (87%) 69 (100%) 0 (0%) 12 35(100%) 68 45 81(92%) 35(78%) 48 (87%)
with dermal side (100%) (93%)  (79%)
(I9G)
B of LM332 RP 65 (49%) 37 (54%)  5(29%) 3(25%) 20 (57%) 37 25 50(57%) 15(33%) 32 (58%)
for 165-kDa LMo3 (51%)  (44%)
(I9G)
1B of LM332 RP 60 (45%) 36(52%)  5(9%) 1(8%)  18(51%) 35 28 46 (52%) 14(31%) 80 (55%)
for 145-kDa LMo3 (48%)  (40%)
(I9G)
IB of LM332 RP 48 (36%) 24 (35%)  5(29%) 3(25%) 16 (46%) 28 18 85(40%) 13(29%) 20 (36%)
for LMB3 (1gG) 38%)  (32%)
B of LM332 RP 77 (68%) 41(59%)  11(65%) 9 (75%) 16 (46%) 44 32 41(47%) 36(80%) 28 (51%)
for LMy2 (IgG) (60%)  (56%)

LM332-MMP, anti-LM332-type mucous membrane pemphigoid; DIF+/sslIF+ group, 69 cases showing positive IgG deposition to BMZ in DIF and posttive IgG staining on skin dermal side
in ssllF; DIF+/sslIF-, 17 cases showing positive IgG deposition to BMZ in DIF but negative IgG staining on skin dermal side in ssliF; DIF-/ssliF+, 12 cases showing positive IgG staining on
skin dermal side in ssliF, but negative for IgG deposition to BMZ in DIF; DIF-ND (not detected)/sslIF+, 35 cases showing positive IgG staining on skin dermal side in sslIF, but not detected
for IgG deposition to BMZ in DIF. Sole LM332 group, 88 cases positive for autoantibodies against only LM332; multiple-Ags group, 45 cases showing multiple detective autoantigens (not
only LM332). DIF+/LM332 group, 55 cases showing positive IgG deposition to BMZ in DIF and only LM332 as detective autoantigen, whose clinical and immunological findings had been
summarized in recently published paper (12).
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Biochip assay
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